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Abstract
Water electrolysis via renewable electricity (e.g., wind, solar) provides a carbon neutral route for
pure hydrogen production to fuel zero emission power generation devices, such as fuel cells. Deploy-
ment of fuel cell vehicles is growing in the US and around the world, coupled with the construction
of hydrogen fueling stations, of which there are expected to be 200 hydrogen refueling stations op-
erating in California by 2025. However, 96% of hydrogen is still produced by steam reformation of
natural gas or sourced from other petroleum feedstocks. As a result, the fuel cell vehicles produce
zero emissions at the tailpipe but the production of the hydrogen fuel still contributes to greenhouse
gas emissions. Moreover, mature technologies essential to the sustenance of the human population,
specifically the Haber-Bosch process for the production of ca. 187 million tonnes of ammonia fer-
tilizer per year, account for the majority of hydrogen consumption. Thus, a carbon neutral route
for hydrogen production from renewable feedstocks is an exigency for Earth’s inhabitants to avoid
the worsening of the catastrophic e↵ects of anthropogenic climate change.
Water splitting is a technology that is hundreds of years old, yet it has still not become com-
mercially relevant due to high capital costs and high operating costs of the electrolyzers available
today. A major driver of these costs are the hydrogen evolution and oxygen evolution electrocata-
lysts, which are typically composed of platinum and iridium for operation in acidic electrolyte. The
main objective of this doctoral work is to decrease the overpotential of the water splitting reactions
by tuning the morphology of earth abundant metal catalysts.
Platinum is known to catalyze the hydrogen evolution reaction (HER) at the thermodynamic
equilibrium potential, and it is most active in acidic media. However, the corrosive nature of
acidic electrolyte causes degradation of non-precious metal catalysts as well as other components
that the electrolyte comes into contact with. Various transition metal dichalcogenides have been
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investigated as alternatives to platinum, but here we report the first nanostructured FeS2 HER
catalyst. By utilizing a hot sulfur injection synthesis and adjusting the sulfur concentration, we
were able to create one-dimensional (1D) FeS2 wires and two-dimensional (2D) FeS2 discs, unique
from the previously known three-dimensional (3D) FeS2 cubes. We found that the catalytic activity
of the nanostructured FeS2 was highly dependent on the morphology, and the 2D FeS2 discs had
an exchange current density of the same order of magnitude as Pt in neutral electrolyte. The 2D
morphology of the FeS2 discs bears resemblance to the 2D MoS2 catalyst which is known to have
HER activity in acidic media, with the edges of the 2D nanosheet structure being the active sites.
The oxygen evolution reaction (OER) is the largest source of ine ciency in overall water split-
ting reaction because it is a four electron/four proton transfer reaction. NiFe oxides have emerged
as highly active OER catalysts in alkaline media, surpassing the activity of even the precious metal-
based catalysts, IrOx and RuOx. Specifically, Ni0.8:Fe0.2 has been shown to be the most active ratio
for NiFe catalysts because above ca. 25% iron, segregation of the metals occurs. Utilizing surface
interrogation mode of scanning electrochemical microscopy (SI-SECM), we measured the kinetic
rate constant(s) of the active sites on crystalline Ni0.8:Fe0.2 and amorphous Ni0.8:Fe0.2. We found
that the crystalline Ni0.8:Fe0.2, synthesized at high temperatures, had both ”fast” and ”slow” sites
with a rate constant of 1.3 s-1 and 0.05 s-1, respectively, while the amorphous Ni0.8:Fe0.2, synthesized
by a low temperature (microwave-assisted) method, only had ”fast” sites with a rate constant of 1.9
s-1. High resolution transmission electron microscopy (HRTEM) and electron di↵raction showed
that the microwave-assisted Ni0.8:Fe0.2 was amorphous down to the five nanometer scale, indicating
that low temperature synthesis is crucial for homogeneous dispersion of the metals and maximiza-
tion of bimetallic active sites. Further SI-SECM studies revealed that the Ni0.8Fe0.2OOH layered
double hydroxide (LDH), a structure known to have electrolyte permeability, had an anomalously
high active site density (4500 sites nm-2) compared to that of the crystalline Ni0.8:Fe0.2 (500 sites
nm-2), from which it was synthesized by electrochemical conditioning. This gives evidence that
electrolyte permeability allows for catalysis via subsurface sites.
The final objective of this work was to lower the overall water splitting overpotential with
earth abundant metal catalysts. Current water electrolyzers utilize acidic (PEM) or alkaline con-
figurations. However, neither of these configurations are amenable to using the FeS2 discs and
nanoamorphous Ni0.8:Fe0.2 oxide for overall water splitting because the former is the most active
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in neutral media and the latter is most active in alkaline media. By analogy with the chlor-alkali
membrane process, we utilized the K+ form of the Nafion 117 membrane to enable water splitting
with the anode in alkaline media and the cathode in neutral media, or dual-pH water splitting.
With this system, we were able to achieve water splitting at 10 mA cm-2 under 1.6 V—a total
overpotential of less than 270 mV—for a 24 h period.
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1.1 Importance of Hydrogen
Molecular hydrogen is a vital commodity chemical with a wide variety of applications. The uses
for hydrogen as an industrial gas include applications in petroleum refining, chemical processing,
pharmaceuticals, electronics, metallurgical, power generation, and food processing industries. In
most cases, it is used as a reactant, for example, in the simultaneous cracking and hydrogena-
tion (hydrocracking) of hydrocarbons to produce smaller molecules and higher hydrogen-to-carbon
ratios, hydrogenolysis of hydrocarbon fuels to remove sulfur as H2S (hydrodesulfurization), cat-
alytic production of methanol from syngas, gas-to-liquid hydrocarbon products from syngas by the
Fischer-Tropsch process, hydrogenation of adiponitrile to produce hexamethylenediamine, unsatu-
ration of fats and oils via hydrogenation, reduction of nickel sulfate in elemental nickel production,
reduction of SiCl4 to silicon for epitaxial growth of silicon in semiconductor fabrication, and re-
duction of N2 to ammonia for fertilizer production by the Haber-Bosch process.
7–12 However, the
physical properties of hydrogen also make it useful for niche industrial applications. Extremely low
viscosity (0.00892 cP at 25  C), high specific heat (14.3 kJ kg-1  C-1 at 25  C), and high thermal
conductivity (0.019 kJ m-1  C-1 at 25  C) makes hydrogen a superior coolant and lubricant for elec-
trical turbine power generation systems, and it’s low density (0.0899 kg m-3 at 25  C) is a favorable
property for weather balloon lift as well.13 In addition, liquid hydrogen has found applications
as a rocket fuel due to its high energy density (8496 MJ m-3 at -253  C).14 Thus far, this brief
summary has only included established hydrogen technologies. While many of these technologies
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are extremely relevant to modern industrialized living, emerging technologies, if implemented on a
large-scale, hold the potential to have an even greater positive impact on society.
1.2 The Future of Hydrogen
The use of hydrogen as a fuel has largely been limited to rocket engines, for which solid state
rocket fuel has become more commonplace, and the concept of hydrogen as a ubiquitous fuel in the
“hydrogen economy” has been all but implemented for nearly 50 years now.15 This is an unfortunate
truth in the wake of the 4 globally hottest years on record, acidification of the oceans devastating
the calcium carbonate-based coral reefs, rising sea levels due to the glacier caps melting, and the
acceleration of the extinction rate of species of plants and animals, among other natural disasters
of abnormal intensity; all conditions that have the potential to worsen on the current trajectory
of the status quo to forge on with fossil fuel technology.16 However, the adoption of hydrogen as
a fuel, namely for fuel cells, is gaining traction, albeit slowly, with GM, Toyota, Honda, and other
major automobile manufacturers releasing or preparing to release fuel cell vehicles (FCVs) to the
commercial market. In addition, public transportation sectors as well as some commercial and
residential buildings have implemented stationary fuel cells. These trends come as some advances
in the manufacturing technology of fuel cells have been made,17–19 but mainly as the advantages
of hydrogen as a fuel over fossil fuels has become increasingly apparent, in spite of the lack of
infrastructure for hydrogen fueling and generally low economic incentives. A variety of fuel cells
(e.g., proton exchange membrane (PEM), solid oxide (SOFC) fuel cells) utilize hydrogen as a fuel for
the anode where it is oxidized, while oxygen is reduced at the cathode, and electricity is produced
with a byproduct of water and heat. This electricity generation process is far simpler than the
conventional scheme of chemical energy to thermal energy to mechanical energy to electricity—the
middle two steps are unnecessary in fuel cells, which makes the theoretical e ciency very high.
Commercial fuel cell systems for passenger cars operate in the range of 40 - 50% and e ciency
under partial load is higher than at full load—a major improvement when compared to the 25
- 30% e ciency of gasoline or diesel internal combustion engines which have the opposite load-
e ciency relationship.11 Further, the use of hydrogen fuel cells results in massive reductions in
both air and noise pollution because they produce zero harmful emissions and run quietly. The
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largest drawback is that with current technology, fuel cells can cost in excess of $2000 kW-1.11
Hydrogen internal combustion engines, however, may provide an interim application for automobile
hydrogen fuel. The combustion of hydrogen for transportation is also unique from conventional
fuels in that the flammability limits are much wider, allowing for operation with mixtures as lean
as 4% hydrogen in air; the ignition energy (0.02 MJ) is 12 times lower than that of gasoline; the
detonation concentration limits are wider when confined, but the di↵usion velocity is very high (2
m s-1), which allows for quick dispersal in the case of a hydrogen leak; and simple water vapor
constitutes the majority of hydrogen internal combustion engine emissions when the limit of the
autoignition temperature is utilized (858 K) to prevent the temperature from reaching temperatures
above 2300 K where nitrogen oxides form.9, but this is estimated to require a tank that is 4 times the
volume of the required size to store the same amount of energy as gasoline.12 Cryogenic refrigeration
is one way to minimize hydrogen storage volume, but less energy intensive options are also being
investigated, including solid phase hydrogen storage and liquid organic hydrogen carrier (LOHC)
technologies.20–22 There is a caveat to all of the potential environmental benefits of using hydrogen
as any type of fuel. That is, the source and production methods of hydrogen dictate whether there
is any overall reduction in greenhouse gas emissions.
1.3 Hydrogen Production
Hydrogen is the most abundant element in the universe, but in the molecular form it does not
exist in harvestable quantities in nature.23 For this reason, hydrogen is not an energy source
but a secondary energy carrier like electricity. Primary sources of energy, such as fossil fuels,
nuclear, or renewable energy, are used to produce hydrogen by a wide range of di↵erent routes.
Global hydrogen production is estimated at 700 billion Nm3 per year with a market share of $130
billion, expected to reach $200 billion by 2025.11 Fossil fuels are still the main source of hydrogen
production with 48% from natural gas, 30% from oil, 18% from coal, and approximately 4% from
electrolysis.24 Hydrogen production from desulphurized natural gas starts with steam reformation
where methane reacts with steam at 700 - 1000  C and 3 - 25 bar, typically over a nickel catalyst, to
form hydrogen and carbon monoxide. This step is followed by the water-gas shift reaction to recover
more hydrogen from the carbon monoxide while producing stoichiometric quantities of CO2, and
26
finally pressure swing adsorption removes most of the impurities from the hydrogen. Overall, the
temperatures and pressures required make this process very energy intensive, especially considering
the strong endothermicity of the first reaction ( HSMR,298 K = 206.1 kJ mol-1). When natural gas
supplies are limited, residues of crude oil and liquid hydrocarbons are common feedstocks for a
similar process, starting with partial oxidation where oxygen levels are controlled in combustion
of the fuels to produce a hydrogen-rich syngas. Another common hydrogen production route is
coal gasification where pulverized coal is mixed with water and the mash is heated under pure
oxygen to form syngas.14 Due to economies of scale, operating conditions, and chemical hazards
involved, routes from fossil fuels require centralized production facilities. As a result, many large-
scale operations requiring hydrogen as a reactant produce hydrogen on-site. Ammonia synthesis
plants account for 62.4% of hydrogen production and consumption. These facilities employ on-site
steam reformation, consuming 3-5% of the global natural gas supply and liberating ca. 2 metric
tons of CO2 per metric ton of ammonia produced.
25 In the current hydrogen landscape, the few
examples of on-site production of hydrogen at the point-of-use are mostly limited to such centralized
facilities where massive amounts of greenhouse gases are also released into the earth’s atmosphere.
However, the technology is now available to produce hydrogen near the point-of-use on potentially
any scale using only renewable feedstocks and in the absence of greenhouse gas emissions.
Water electrolysis provides a means of hydrogen production, in simplest terms, from water,
electricity, and salt. Perhaps the first recorded instance of electrolytic water splitting was by
Troostwijk and Deinman who showed that the application of an electric discharge causes water to
decompose into “combustible air” and “life-giving air” in 1789.26 However, it was not until Volta
discovered the first battery, in the year 1800, that Nicholson and Deinman were led to use the voltaic
pile in the same year to split water and specifically identify the evolved gases as hydrogen and
oxygen. While water electrolysis was discovered in acidic electrolyte, the reaction was not utilized
for large-scale production of hydrogen until 1888 when Lachinov devised a method for industrial
electrolysis in alkaline electrolyte.27 By 1902, 400 industrial electrolyzers were in use, and the
first pressurized electrolyzer capable of producing 10,000 Nm3 H2 h
-1 was developed by Zdansky
and Lonza in 1948.28 Alkaline electrolyzers are still in use today, operating in 20 - 30% KOH
electrolyte with nickel-based catalysts, commonly with noble metal coatings to increase activity,
separated by a diaphragm to prevent mixing of gases.29 Issues remaining with alkaline electrolyzers
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include the corrosive environment created from high KOH concentrations, the diaphragm is bulky
with limited ionic conductivity causing large ohmic losses at higher current densities, the liquid
electrolyte-diaphragm system makes high pressure operation di cult, significant permeability of
the diaphragm to product gases makes operation under partial load dangerous, and high purity
gas cannot be achieved directly out of the electrolyzer.30,31 Following the invention of the proton
exchange membrane (PEM), the PEM electrolyzer system was developed in the sixties, providing an
alternative to alkaline electrolyzers. In the PEM electrolyzer, the PEM acts as a separator as well
as the electrolyte. The unique properties of the PEM provide some advantages, including higher
conductivity, low permeability to hydrogen allowing for high purity gas production directly from the
electrolyzer, faster response time, and enhanced operation under partial load. PEM electrolyzers
are also generally scalable to almost any production capacity compared to alkaline electrolysis
which is better suited for high production rates.30,32 However, there are drawbacks due to the
acidic regime created by the membrane, which requires precious metal catalysts and noble metal
current collectors, flow fields, and bipolar plates. Precious metal catalysts typically account for the
bulk of the capital cost of the electrolyzer stack.29,30 Earth abundant electrocatalysts have been
shown to be competitive with their precious metal counterparts on the lab-scale and could be part
of the answer to lowering the capital cost of electrolyzers. With substantial cost reductions, water
electrolyzers could revolutionize hydrogen production with decentralized units, scaled specifically
for the application, to generate hydrogen on demand at the point-of-use as it is needed.
The existing electrolyzer technologies are capable of producing 760 Nm3 h-1, enough to fill
nearly 14,000 fuel cell vehicle tanks each hour, at 2.5 V or below, but the story is not complete
without consideration of the electricity source used to drive the electrolysis.30 The majority of
electricity today is generated from the burning of coal, which is the largest source of anthropogenic
CO2 emissions. Coal plants have been optimized to run at up to 50% e ciency, but the remaining
energy goes to waste as high temperature exhaust, except in the rare cases where the heat can be
integrated with a nearby cement factory or steel mill.33 Electricity can be generated by renewable
energy sources, such as tidal, wind, and solar, with no emissions and sometimes at a load that is too
large for the grid to handle. It is these sources that must be utilized to drive hydrogen production
from water electrolysis for the benefits of the hydrogen economy to be fully realized.
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1.4 Hydrogen Evolution
The hydrogen evolution reaction (HER) in acid is an ideal model electrocatalytic reaction with no
side reactions and one product. The reaction occurs reversibly on platinum metal at the thermo-
dynamic equilibrium potential (E0 = 0 vs. NHE). As a result, a platinum wire in solution with H+
and H2 at unit activity and 25
 C, called the natural hydrogen electrode (NHE), or the standard
hydrogen electrode (SHE), is internationally recognized as the primary reference electrode. Figure
1.1 shows an example of a classic NHE configuration in use with a Ag to AgCl oxidation reaction
occurring on the other electrode.1 The NHE, however, is not very practical as a reference electrode
for most experimental applications, but other electrodes at equilibrium, such as Ag in a saturated
KCl solution, are commonly used instead.
Figure 1.1. Diagram of a natural hydrogen electrode (left)—a Pt wire with H+ and H2 at unit activity
and 25  C, and a Ag wire coated in AgCl (right).1
Insight into the high activity of Pt for the HER is obtained from the plot of metal catalyst
HER activity versus the free energy of adsorption of the hydrogen atom, which shows volcano-type
behavior. Platinum follows the Sabatier principle in that it resides at the top of the volcano with the
optimum binding energy ( GH ⇡ 0) that is neither too weak nor too strong.34,35 It is intuitive that
HER catalyst activity is strongly dependent on  GH because the mechanism in acidic electrolyte
consists almost entirely of proton adsorption steps. The first electron transfer-proton adsorption
step, known as the Volmer step (Equation 1.1 where “S” denotes a catalytic site), is followed by
either a chemical reaction with another adsorbed proton, Tafel step (Equation 1.2), or an electron
transfer reaction with a solvated proton, Heyrovsky step (Equation 1.3).36
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S +H+ + e  *) S  Hads (1.1)
S  Hads + S  Hads *) 2S +H2 (1.2)
S  Hads + S +H+ + e  *) 2S +H2 (1.3)
However, the HER in acidic electrolyte has several limitations in industrial applications, including
low e ciency and short catalyst lifetime when non-precious metals are employed.2 Alternatively,
the HER can be carried out in alkaline and neutral solutions, in which hydrogen adsorption energy
cannot be the sole descriptor of activity because protons could only come from the very low con-
centration in solution or from the dissociation of water near the electrode surface, estimated to be
on the order of 10-3 L mol-1 s-1.2 Instead, water reduction (Equation 1.4, E0 = -0.828 vs. NHE) is
the dominant reaction. The mechanism is analogous to that of the acidic reaction, with the Volmer
and Heyrovsky steps likely requiring catalytic dissociation of water to yield Hads and OH-.37,38
H2O + 2e
  *) H2 + 2OH
  (1.4)
Figure 1.2. pH-dependence of the current-potential behavior of Pt(111) for the HER. The linear sweep
voltammograms (LSVs) were performed at 50 mV s-1 while the Pt(111) disk electrode was rotating at 1600
rpm, and the pH was adjusted by adding NaOH or HClO4 to 0.1 M NaClO4.
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The alkaline HER has not been studied as extensively as the acidic HER has, and the reason for
the steady decline in activity with increasing pH (Figure 1.2) is still a subject of debate. There
is evidence that the water dissociation step governs the kinetics, and, in some cases, two sites are
actually required for the dissociation step.38 For example, Ni(OH)2 clusters on Pt at 40 - 45%
coverage were shown to dramatically increase the HER activity of bare Pt in alkaline electrolyte.39
It follows that the oxophilicity of the Ni(OH)2 is responsible for the adsorption of O atoms while
the Pt provides a site for the H atoms, forming an activated water complex before the water
dissociates, OH– is released from Ni(OH)2, and reaction of Hads with another Hads evolves H2 from
the Pt surface.2 Further investigation of other 3d transition metal hydroxides of varying oxophilicity
by Markovic and co-workers (Figure 1.3) revealed that there is also an optimum binding energy
for the OHads site. The HER activity follows the trend of the oxophilicity of the metal (Ni < Co
< Fe < Mn), too much of which renders the metal hydroxide a spectator due to high OH binding
strength.40 This phenomenon is consistent with Brønsted-Evans-Polanyi-type scaling relations in
that the lower the water dissociation barrier is, the stronger the H/OH binding energy is, eventually
leading to poisoning rather than activation of the catalyst surface. Therefore, a balance between
the activation energy of the water dissociation,  GH , and  GOH must be met to produce high
alkaline HER activity.
Figure 1.3. HER linear sweep voltammograms (LSVs) at 50 mV s-1 in 0.1 M KOH for di↵erent transition
metal hydroxides coated on Pt(111) disk electrodes, rotating at 1600 rpm. The electric potential (x-axis) is
reported V vs. NHE.2
The activity of HER catalysts across the whole pH range is highly dependent on structure.
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MoS2, an extremely important hydrodesulfurization catalyst used across the globe, has been shown
to be active for the HER in acidic media. Nørskov and co-workers identified MoS2 as an HER cat-
alyst by the similarity of its edge sites with the active site of hydrogen evolution on the nitrogenase
FeMo cofactor, the enzyme in the soil-dwelling Azotobacter vinelandii bacterium responsible for ni-
trogen fixation, and its near-zero  GH .41,42 Subsequent studies showed that MoS2 could be made
as two-dimensional nanostructures with more exposed edge sites, and the active sites could be in-
creased even further by defect engineering, chemical exfoliation, and doping of the two-dimensional
nanosheets.36,43–45 The discovery of the HER activity of MoS2 sparked interest in a number of
other transition metal dichalcogenides (TMDs) (e.g., NiSe2, CoSe2, WS2, NiS2, CoS2, and FeS2)
for the HER in acidic media.46–48 In the aforementioned studies, bulk FeS2 performed quite poorly.
However, we found that when FeS2 was created as nanostructured 2D FeS2 discs, Pt-like activity
was achieved for the HER in neutral electrolyte. We also found that the 2D FeS2 discs had dramati-
cally improved catalytic activity compared to nanostructured one-dimensional (1D) FeS2 wires and
three-dimensional (3D) FeS2 cubes.
49 This finding is consistent with the increased activity found
in the 2D nanosheet morphology of MoS2. More studies on HER catalysts in neutral media are
expected to be worthwhile because, if employed in an electrolyzer, substantial cost reductions could
be made, stemming from the mild requirements of such a benign electrolyte (i.e. noble metals are
not required to withstand contact with neutral electrolyte).
1.5 Oxygen Evolution
The oxygen evolution reaction (OER) is a four electron/four proton transfer reaction, and it is the
half reaction that limits the overall water splitting e ciency. Currently, there is no material known
to catalyze the OER at the thermodynamic equilibrium potential (Equation 1.5, E0 = 1.229 V vs.
NHE), but, historically, RuO2 or IrO2 have been the benchmark catalysts, employed extensively
with acidic electrolyte in commercial PEM electrolyzers.
2H2O *) O2 + 4H
+ + 4e  (1.5)
The mechanism for the OER is much more complex than that of the HER, and there are sev-
eral proposed mechanisms, although definitive validation has been lacking due to the di culty in
32
spectroscopically detecting intermediates.15,50,51 Equations (1.6) – (1.9) show a well-accepted OER
mechanism for acidic media, which excludes the direct recombination of adsorbed oxygen (a key
step in the classic OER mechanism) because it is expected to have a high activation barrier.52,53
S +H2O *) S  OH +H+ + e  (1.6)
S  OH *) S  O +H+ + e  (1.7)
S  O +H2O *) S  OOH +H+ + e  (1.8)
S  OOH *) S +O2 +H+ + e  (1.9)
However, a non-precious metal catalyst that is competitive with Ru or Ir-based catalysts and stable
under oxidizing potentials in strong acid has yet to be reported.54–56 Conversely, Ni-based catalysts
rival the activity of RuO2 and IrO2 in alkaline media and have been utilized in commercial alkaline
electrolyzers.57 Similar to the HER, the dominant mechanism for the OER is di↵erent in alkaline
media due to the pH-dependent availability of reactive species. The overall reaction for alkaline
OER is shown in Equation 1.10 (E0 = 0.401 V vs. NHE), and Equations (1.11) – (1.14) show the
corresponding mechanism for OER in alkaline media.50
4OH  *) O2 + 2H2O + 4e
  (1.10)
S +OH  *) S  OH + e  (1.11)
S  OH +OH  *) S  O +H2O + e  (1.12)
S  O +OH  *) S  OOH + e  (1.13)
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S  OOH +OH  *) S +O2 +H2O + e  (1.14)
Rossmeisl and co-workers performed density functional theory (DFT) calculations on a wide
range of metal oxide OER catalysts and found that there was a universal scaling relation between
the binding energy of OH and OOH, key intermediates in both the acidic and alkaline mechanisms.
Figure 1.4 shows the linear scaling relation between the adsorption energy of OOH,  EOOH , and
the adsorption energy of OH,  EOH , for perovskites, rutiles, anatase, MnxOy, Co3O4, and NiO
oxides, which dictates that  EOOH =  EOH + 3.20 eV.3 The red star on Figure 1.4 represents the
binding energies for a thermodynamically ideal catalyst, characterized by having the di↵erence in
free energy of each mechanistic step equal to E0 at standard conditions. In other words, each charge
transfer step for an ideal catalyst should have a free energy change of 1.23 V, amounting to  EOOH
=  EOH + 2.46 eV because OOH and OH are separated by two H+/e- transfer steps.3 Rossmeisl
concluded that this scaling relation provides a lower limit of the OER overpotential (deviation of
the applied potential from the thermodynamic equilibrium potential — a quantity thought to be
directly related to the rate-deterimining step when e↵ects from mass transfer limitations and ohmic
losses are absent) as (3.2 - 2.46 eV)/2e-, which comes to a limit of 0.2 - 0.4 V overpotential when
the standard deviation of Figure 1.4 is taken into consideration.3,50 This estimated lower limit is
surprisingly close to the limit of the overpotentials reported for the OER.
Among the most active OER catalysts, NiFe-based materials have achieved some of the lowest
overpotentials reported for the OER, in the range of 200 mV at 10 mA cm-2, outperforming Ir and
Ru-based electrocatalysts.58–62 Ni is always found in combination with Fe in the earth’s crust, and
Fe impurities are common in Ni metal. The strong a nity of Ni and Fe, lead to the discovery of
NiFe-based OER catalysts when Edison and Junger found that the Fe impurities in Ni(OH)2 of
Ni-based positive electrodes in alkaline batteries decreased capacity and cycle life. This anomaly
prompted further studies, revealing that the poisoning e↵ect was due to the lowering of the OER
potential, which became lower with increasing levels of Fe impurities.58 Since this discovery, a wide
range of synthesis techniques have been employed to improve the activity of NiFe-based alkaline
OER catalysts, including mechanical alloying, electrodepostion of mixed metal salt solutions, and
high temperature annealing to form NiFe oxides.58 The morphology and the ratio of nickel-to-
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Figure 1.4. Adsorption energy of OOH vs. adsorption energy of OH for perovskites (circle), rutiles (trian-
gle), anatase (diamond), MnxOy (square), Co3O4 (plus sign), and NiO oxides, based on density functional
theory (DFT) calculations. The hollow symbols represent adsorption energies for clean surfaces, and the solid
shapes represent adsorption energies for surfaces with high coverage. The red star indicates the adsorption
energies of an ideal OER catalyst.3
iron has been shown to govern OER activity. Fe content above ca. 25% results in segregation
of the metals, leading to low active site densities.62,63 In recent years, numerous reports of the
layered double hydroxide (LDH) class of NiFe materials as OER catalysts have emerged. LDHs
are composed of positively charged layers, balanced by permeation of anions from electrolyte into
the interlayer, allowing for anomalously high active site densities.58,64,65 However, there are several
reports of amorphous NiFe OER catalysts, synthesized at low temperatures, outperforming the
crystalline NiFe LDH catalysts.59,62,65,66 Using the surface interrogation mode of scanning electro-
chemical microscopy (SI-SECM), we found that our microwave-assisted synthesis of nanoamorphous
(Ni0.8,Fe0.2) yielded a catalyst with only one “fast” site while the crystalline NiFe LDH had a “fast”
site and a slow site.62,64 Transmission electron microscopy (TEM) on our (Ni0.8,Fe0.2) catalyst re-
vealed that it is truly amorphous, down to the 5 nm scale, giving evidence that homogeneous
dispersion of the Ni and Fe is critical for high OER activity.
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1.6 Polymer Electrolyte Membrane
In 1959, the use of an ion exchange polymer to conduct the entire current in a battery cell was
reported by Grubb at the General Electric Company Research Laboratory.67 However, a polymer
electrolyte stable under the oxidizing conditions at the anode of an electrolyzer was not known
until Grot at E. I. DuPont Company discovered the Nafion ionomer.4,68 The Nafion ionomer is
a perfluorosulfonic acid (PFSA) synthesized by copolymerization of a perfluorinated vinyl ether
comonomer with tetrafluoroethylene (TFE), and it has excellent proton conductivity as well as high
chemical and mechanical stability. The hydrated structure, based on small-angle X-ray scattering
(SAXS) spectra, in Figure 1.5 shows an arrangement of ionic clusters with channels in between,
where water can pass through.4 The —SO –3 -lined channels allow for proton conduction through
the membrane while excluding hydroxyl ions.
Figure 1.5. Diagram made by Kreuer of a hydrated Nafion membrane based on small-angle X-ray scattering
(SAXS) spectra by Gebel.4
Proton conduction can occur through the vehicular mechanism, where a hydrated proton (H+(H2O)x)
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passes through a channel, due to the di↵erence in electrochemical potential, carrying water molecules
with it via electroosmotic drag (Figure 1.6, top arrows). Alternatively, the Grotthus-type mecha-
nism, where the positive-charged proton hops from one negative-charged site (i.e. —SO –3 ) to the
next via the breaking and forming of hydrogen bonds (Figure 1.6, bottom arrows), is also possible.5
The dominant mechanism of proton transport is dependent on the type of proton exchange mem-
brane (PEM) and the operating conditions (e.g., temperature, level of hydration), but, in general,
the predominant mechanism for hydrated sulfonic acid-attached PEMs (e.g., PFSAs, sulfonated
poly(ether ether ketone) (SPEEK), sulfonated polysulfone (SPSf)) is vehicular-type.69
Figure 1.6. Schematic of the vehicular mechanism (upper set of arrows) and the Grotthus mechanism
(lower set of arrows) of proton transport through a PEM.5
General Electric developed the first PEM fuel cell for the NASA Gemini missions, and the
first PEM electrolyzer was created shortly after in 1966.6,70 In a PEM electrolyzer (Figure 1.7),
water is fed to the anode side where it oxidized at the electrocatalyst layer to produce oxygen and
protons. The PEM facilitates the transfer of protons from the anode side to the electrocatalyst layer
on the cathode side where the protons are reduced with electrons from water oxidation to evolve
hydrogen. Because of the participation of the PEM in the reaction, the active area of the anode
electrocatalyst is limited to areas where there is contact between the PEM, the electrocatalyst, and
water, i.e. the triple phase boundary (TPB), and the cathode side requires contact between the
PEM and the electrocatalyst.71 Electrolyzers are especially useful for space applications because
of the abundance of solar energy and the e ciency of generating hydrogen and oxygen from water.
Electrolysis has been used extensively in space for producing oxygen for environmental control life
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support systems and extravehicular activity, and hydrogen for energy storage and propulsion.72
PEM water electrolysis has also proved useful for similar purposes in submarine applications,6
however, it was not until the PFSA membrane was adapted to suit the chlor-alkali process that the
PEM became industrially relevant.
Figure 1.7. Schematic of the general PEM electrolysis cell.6
In 1975, the Asahi chemical company in Japan developed the chlor-alkali membrane electrolysis
process to replace the hazardous mercury cell process.71 For typical PFSAmembranes, the precursor
is a thermoplastic —SO2F, which is easily extruded into sheets. The —SO2F sheet is then treated
with concentrated aqueous acid solution to convert it to the —SO3H form, known as the PEM.
However, the sulfonyl fluoride form can also be converted to other forms, such as —SO3Na by
treatment with NaOH.4 In membrane brine electrolysis, saturated brine is fed to the anode side
where chloride ions are oxidized to evolve chlorine gas (Equation 1.15, E0=1.358 V vs. NHE) while
38
the —SO3Na membrane allows sodium ions to cross over to the cathode side. Water is fed to the
cathode side where hydrogen evolution (Equation 1.16, E0=-0.828 V vs. NHE) occurs and the
generated hydroxyl ions, unable to cross the —SO3Na membrane, react with the sodium ions to
produce sodium hydroxide.
2Cl  *) Cl2 + 2e
  (1.15)
2H2O + 2e
  *) H2 + 2OH
  (1.16)
The membrane prevents cross-contamination of the gases and electrolytes, greatly reducing prod-
uct separation costs. Currently, more than half of the world production capacity of chlorine, 76
million tonnes Cl per year, is produced by membrane brine electrolysis, and a bilayer sodium form
of perfluorinated membrane is used with sulfonyl and carboxylate groups to reduce backflow of
hydroxyl ions from the cathode to the anode.71 In other words, the membrane in brine electroly-
sis allows for operation with the two half cells maintained at di↵erent pHs. We have found that
application of this method to membrane water electrolysis enables operation with the anode (e.g.
nanoamorphous (Ni0.8,Fe0.2) oxide) in alkaline solution and the cathode (FeS2 discs) in neutral








We report a scalable, solution-processing method for synthesizing low-dimensional hyperthin FeS2
nanostructures, and we show that 2D FeS2 disc nanostructures are an e cient and stable hydrogen
evolution electrocatalyst. By changing the Fe:S ratio in the precursor solution, we were able to
preferentially synthesize either 1D wire or 2D disc nanostructures. The 2D FeS2 disc structure has
the highest electrocatalytic activity for the hydrogen evolution reaction, comparable to platinum in
neutral pH conditions. The ability of the FeS2 nanostructures to generate hydrogen was confirmed
by scanning electrochemical microscopy, and the 2D disc nanostructures were able to generate
hydrogen for over 125 h.
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2.2 Introduction
A key green energy initiative is the discovery of e cient, stable, and elemental abundant electro-
catalysts for the water splitting reactions (i.e., the hydrogen evolution reaction (HER) and the
oxygen evolution reaction (OER)).73–75 Water splitting with HER and OER electrocatalysts play
a vital role in converting solar energy into chemical energy via artificial photosynthesis and also
provides a pathway to use water (as opposed to natural gas) as a feedstock for hydrogen pro-
duction.76–78 Nanostructured transition-metal chalcogenides have previously been studied as HER
electrocatalysts.45,46,79–81 In particular, two-dimensional (2D) MoS2 nanosheets are e↵ective HER
catalysts under acidic conditions,45,82 and it has been discussed that the HER activity correlates
with the number of edge sites on the MoS2 and/or the hopping e ciency of electrons in the ver-
tical direction.83,84 Although other transition-metal chalcogenides have also been studied as HER
catalysts (e.g., WS2, NiS2, CoS2, NiSe2, and CoSe2),
46,48 there have been only limited reports
on the catalytic activity of FeS2,
46,47 and none have shown high e ciency for FeS2. In order to
improve the electrocatalytic activity of earth-abundant FeS2, we report a novel synthesis technique
for the creation of hyperthin 1D and 2D FeS2 nanostructures, which we term “wires” and “discs”,
respectively. We show that the 2D FeS2 disc nanostructure has high catalytic activity for the HER,
very similar to Pt, and is stable in neutral pH conditions.
Many di↵erent nanostructured morphologies of iron sulfides have previously been identified.85,86
However, reports of low dimensional iron sulfide nanostructures with atomic layer thickness have
been rare and were typically seen as an intermediate.87–89 Previous methods for producing iron sul-
fides with atomic layer thickness have relied on chemical vapor deposition (CVD), electrodeposition,
techniques reqnuiring high temperature sulfurization, and/or a brute force cleavage.90–93
2.3 Catalyst Synthesis
Here we utilize a solution hot-injection method, analogous to a previously reported iron sulfide
synthesis,89 to create unique hyperthin iron sulfide nanostructures with atomic layer thickness. In
the first step of the synthesis, an octadecylamine (ODA) ligand was added to a Fe2+ solution, which
formed 3-5 nm iron nanoparticles as seen in the transmission electron microscopy, TEM, images
(Figure 2.1a,e). The ODA ligand acts as both a reducing agent for the Fe2+ (eqn 2.1) and as a
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Figure 2.1. Schematic representation and TEM images of the 1D and 2D FeS2 structure formation. (a, e)
Fe0 nanoparticles that are formed in the absence of sulfur. (b, f) FeS2 wires formed from 1:6 Fe:S precursor
solution. (c, g) FeS2 discs formed in the 1:24 Fe:S precursor. (d) Schematic of 2.7 nm wide ligand interstitial
layer that separates both wires and discs to form their respective bulk structures.
capping layer on the subseqnuent nanocrystal formation. Next, upon injection of sulfur, the iron
seed particles oxidize to form Fe2+ and Sx2- moieties (eqn 2.2) and these species form the FeS2
nanostructures via eqns 2.3 and 2.4.
Fe2+ + 2e  ! Fe0 (2.1)
Fe0 + Sx ! Fe2+ + S2 x (2.2)
Fe2+ + S2 x ! FeS + Sx 1 (2.3)
FeS + S2 x ! FeS2 + S2 x 1 (2.4)
It was found that low-dimensional structural formation could be tuned through adjustments
of the initial sulfur concentration with two primary low dimensional FeS2 nanostructures being
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observed. Changing the Fe:S ratio present in the precursor solutions formed either distinct wire
or disc nanostructures, as seen in Figure 2.1. We determined that a 1:6 Fe:S ratio yields wires
(Figure 2.1b,f) uniformly separated by a tightly packed layer of ligand (Figure 2.1d) with a spacing
of approximately 2.7 nm. Increasing the Fe:S ratio to 1:24 results in the formation of discs (Figure
2.1c,g) which appear in a stack of thin sheets also separated by a ligand layer.
Figure 2.2. Time-dependent TEM characterization is shown for the wires (a-c) and discs (e-g) taken at
0.5, 5, and 240 min, respectively. SEM characterization of the final wire (d) and disc (h) formations cast on
Si substrates. Time-dependent EDS measurements (i) are shown with the inset focusing on the first 15 min
of the reaction. The plot of the Raman spectroscopy data (j) is to establish phase identification.
The kinetics of the wire and disc reactions were tracked through (1) time-dependent growth
patterns monitored by TEM (Figure 2.2); (2) energy-dispersive X-ray spectroscopy (EDS) mea-
surements (Figure 2.2i), which monitored the rate at which the Fe:S stoichiometry changed; and
(3) UV-vis-IR spectra (Figure 2.5), which showed the changes in the relative peak heights of the
FeS2 characteristic set of absorbance peaks with respect to reaction time. The transition to FeS2
was kinetically di↵erent between the wire and disc structures. The wire reaction (Figure 2.2a-c)
occurred relatively slowly, with the iron seed particles still present for several minutes into the
reaction. Examination of the disc reaction (Figure 2.2e-g) revealed faster kinetics with initial disc
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formation occurring within seconds of the injection and the seed particles being consumed minutes
earlier than the wires. The EDS measurements correlate well with both the TEM and absorbance
data. The wires reached the desired 1:2 stoichiometry after 30-60 min and maintained that stoi-
chiometry for the duration of the reaction. The 1:24 Fe:S precursor ratio (discs) showed a faster
conversion. Within 30 s, disc formations were observed, and 10 min into the reaction, the discs
reached a 1:2 Fe:S ratio. The scanning electron microscopy (SEM) characterization of the final wire
structure (Figure 2.2d) showed the bulk wires forming long bundled strands with lengths well over
a micron which come together to form a porous sponge-like structure held together by ligand-ligand
interactions. The SEM image of the final disc structure (Figure 2.2h) also showed the stacking of
discs to form larger structures with a range of diameters from 300 to 800 nm that most likely are
connected by ligand-ligand interactions.
2.4 Materials Characterization
Raman spectroscopy was used to further elucidate structure and phase identification (Figure 2.2j).
Both the wire and disc structures share a characteristic set of Raman peaks at 291 and 358 cm-1.91,94
The combination of the EDS data and ordered nanostructures within TEM images led to the
conclusion that these peaks correspond to an ordered FeS2 structure. The thinness of these materials
may not allow for the more typical Raman active modes95,96 of the usual FeS2 phases (e.g., pyrite,
marcasite) nor of the other typical Fe1-xS phases. X-ray di↵raction (XRD, Figure 2.6) confirmed
the presence of Fe nanoparticles in the early stages but exhibited no discernible phase in the final
products, potentially due to the thinness of the material leading to insu cient scattering volume.
2.5 Electrochemical Characterization
The HER electrocatalytic activity of the nanostructured FeS2 (drop-casted on a glassy carbon
electrode) was measured via linear sweep voltammetry (LSV) at 1 mV/s in 0.1 M pH 7 phosphate
bu↵er solution (PBS) (see Supporting Information for experimental details). Figure 2.3a (solid
lines) shows the capacitance and iR-corrected LSVs for the champion FeS2 1D wires, 2D discs,
3D cubes (TEM for the 3D FeS2 cubes shown in Figure 2.8b) along with a blank glassy carbon
electrode and Pt electrode. By synthesizing 2D FeS2 nanostructures, we were able to shift the onset
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potential to very near the thermodynamic potential for hydrogen evolution (0 V vs RHE) indicative
of exceptionally high electrocatalytic activity. In fact, these novel 2D FeS2 nanostructures have an
overpotential less than 50 mV larger than that of Pt. Triplicates of the LSV experiments obtained
from separate batches of the FeS2 1D wires, 2D discs, and 3D cubes (Figure 2.8a) show good
reproducibility between samples with variances attributed to variability in electrode fabrication.
Figure 2.3. Electrochemical characterization of FeS2 discs, wires, and cubes in 0.1 M pH 7 phosphate
bu↵er solution (PBS) for the hydrogen evolution reaction. (a) Experimental linear sweep voltammograms
at 1 mV/s (solid lines) for the champion FeS2 discs, wires, cubes coated on glassy carbon along with a bare
Pt electrode, and a bare glassy carbon electrode. Also shown are the corresponding best-fit single-electron
Butler-Volmer equations (dashed lines) for each electrode. (b) Tafel plot showing the experimental data in
the Tafel region (circle markers) with the corresponding Tafel slopes (solid lines) for Pt, FeS2 discs, wires,
and cubes. (c) Current density vs time profile for a 125 h constant potential (-0.14 V vs RHE) stability test
for the FeS2 discs under continuous stirring.
To quantify the electrocatalytic activity, the pseudosteady-state measurements were fit to the
single-electron transfer Butler-Volmer equation (dashed lines, Figure 2.3a) assuming no mass-
transfer e↵ects (equation 2.5). This allowed for accurate exchange current densities and transfer
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coe cients to be obtained for each structure. It should be noted that at this pH and scan rate,
the mass-transfer limited regime is reached at much lower currents than typically seen at faster
scan rates (Figure 2.10) or at lower pH.97 From the Butler-Volmer equation, the exchange current
density, which is a measure of kinetics for the hydrogen evolution reaction,1 for the FeS2 discs,
wires, and cubes were determined to be 2.2, 0.32, and 0.41 µA cm-2, respectively, whereas Pt had
an exchange current density of 8.0 µA cm-2. This shows that only the 2D FeS2 disc nanostructures
had an exchange current density on the same order of magnitude as Pt. A secondary calculation of
the exchange current densities and transfer coe cients were obtained from Tafel analysis (Figure
2.3b). The Tafel plot yielded exchange current densities of 6.3, 1.7, 0.30, and 0.47 µA cm-2 for Pt
and the FeS2 discs, wires, and cubes, respectively. All of the exchange current densities as calcu-
lated via the Tafel plot are within 25% of those values calculated with the Bulter-Volmer equation.
Transfer coe cients and Tafel slopes for each electrode are shown in Supporting Information Table
S2.14. Similar transfer coe cients and Tafel slopes between the 2D FeS2 disc structure and Pt
suggest that the 2D FeS2 structure has a Pt-like HER mechanism in neutral pH.
To determine the stability of the FeS2 discs, a constant potential of -0.14 V versus RHE was
applied for over 125 h in 0.1 M pH 7 PBS while vigorously stirring, and the reduction current
was measured as a function of time. Figure 2.3c shows that the reduction current did not change
significantly over the 125 h experiment. This suggests that, by maintaining reducing conditions (i.e.,
negative potentials) su cient to evolve hydrogen, the FeS2 discs catalyst is stable for generating
hydrogen from water under neutral pH conditions. The turnover freqnuency (TOF) was calculated
from equation 2.6 using the data presented in Figure 2.3c and the electrochemical surface area,
which was calculated from double-layer capacitance measurements (see Supporting Information for
details). The TOFs of the FeS2 discs and the Pt electrode were determined to be 149 electrons h
-1
and 644 electrons h-1 under the same conditions (Figure 2.11), with the FeS2 discs having more
than double the electrochemical surface area than the Pt electrode.
To verify that hydrogen was evolving from the surface of the 2D FeS2 discs, an HER elec-
trochemical reactivity map was obtained via scanning electrochemical microscopy (SECM, Figure
2.4). SECM is a powerful technique for imaging the reactivity of electrocatalytic surfaces and for
studying electro- chemical reactions.98–100 Figure 2.4a shows the schematic for obtaining a hydro-
gen evolution electrochemical reactivity map. Here the catalytic electrode was held at a negative
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potential su cient to evolve hydrogen, and a 200 µm Pt SECM tip electrode was held at a positive
potential su cient to oxidize any hydrogen present in solution. The SECM tip electrode was placed
ca. 100 µm above the catalyst electrode and was scanned across the catalyst surface while the tip
current was recorded as a function of tip position. Areas where hydrogen is being generated by the
catalyst electrode will produce an oxidation current on the SECM tip electrode at that position.
Figure 2.4. Hydrogen evolution electrochemical reactivity maps obtained via scanning electrochemical
microscopy (SECM). (a) Schematic of the SECM experiment showing hydrogen collection on the SECM tip
electrode. (b) The reactivity map for a bare glassy carbon electrode. (c, d) Electrochemical reactivity maps
for the HER on Pt and FeS2 discs on glassy carbon, respectively.
HER electrochemical reactivity maps were obtained on the Pt electrode, the 2D FeS2 discs
coated on glassy carbon, and a bare glassy carbon electrode (Figure 2.4b-d). Both the Pt (Figure
2.4c) and the 2D FeS2 discs-coated electrode (Figure 2.4d) shows oxidation currents (reds, yellows,
and greens) on the SECM tip electrode, indicative of hydrogen existing in solution over each
electrode. For comparison, Figure 2.4b shows no hydrogen in solution for the bare glassy carbon
electrode operated at the same potential at which Figure 2.4c was generated. Thus, via these SECM
electrochemical reactivity maps, we can conclude that the FeS2 discs catalyst is indeed generating
hydrogen gas.
Substrate generation/tip collection (SG/TC) SECM was used to estimate the Faradaic e ciency
for hydrogen generation (Figure 2.13). In this experiment, a 200 µm Pt tip electrode was positioned
over a 200 µm Au substrate electrode coated with FeS2 discs, and linear sweep voltammetry was
performed on the FeS2 electrode and the Pt tip electrode collected the evolved hydrogen as a
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function of potential (see Supporting Information for details). Using the SG/TC SECM technique,
we estimate the faradaic e ciency of the FeS2 discs for hydrogen evolution to be 92 ± 8%.
2.6 Conclusion
In summary, we report a novel synthesis method to create 2D FeS2 nanostructures, which signifi-
cantly improve the electrocatalytic performance of earth-abundant FeS2 for the HER. It was found
that the morphology and stoichiometry of the FeS2 could be tuned by the initial sulfur concentra-
tion. The 1D FeS2 wires and the 2D FeS2 discs showed higher electrocatalytic activity compared to
the conventional 3D FeS2 cubes for the HER under neutral pH conditions. In fact, the 2D FeS2 ma-
terials displayed excellent electrochemical activity similar to platinum with high exchange current
densities and an onset potential for hydrogen evolution near the thermodynamic potential. The
2D FeS2 discs also proved to be remarkably stable, demonstrating the ability to generate hydrogen
for over 125 h when under reducing conditions. Using SECM, we verified that hydrogen was being
generated from both the Pt and FeS2 discs electrodes but not from a bare glassy carbon electrode.
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2.8 Supporting Information
2.8.1 Materials and Methods
Chemicals
FeI2 (Sigma-Aldrich, anhydrous, 99.99%), sulfur powder (Sigma-Aldrich, Colloidal), carbon black
(Alfa-Aesar, acetylene, 100% compressed, 99.9%), monobasic dihydrate sodium phosphate (Acros
Organics, 99%), dibasic sodium phosphate (Acros Organics, anhydrous, ACS Reagent)(dimethylaminomethyl)ferrocene
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(Alfa Aesar, 98+%), octadecylamine (Acros Organics, technical grade, 90%), diphenyl ether (Acros
Organics, 99%), chloroform (BDH, Anhydrous), methanol (Fischer Chemical, Certified ACS), tetra-
chloroethylene (Sigma-Aldrich, ACS) were all used as received.
Wire and Disc synthesis
To make the FeS2 wires, 0.5 mmol of FeI2 and 1 mL of phenyl ether was added to a septa sealed
vial in a N2 flushed glovebox. This mixture was sonicated to form a uniform slurry, approximately
1 hour. In a round bottom flask 12 g of ODA was added and degassed and backfilled with argon.
The flask was then heated to 120  C, degassed and backfilled with argon again, and allowed to
cool to 80  C. The FeI2 precursor solution was injected into the flask containing ODA and heated
back to 120  C and then left to stir for 1 hour to allow the precursor to decompose. In a separate
flask, 128 mg of sulfur and 5 mL of phenyl ether was added and then degassed and backfilled with
argon. This flask was heated to 70  C and left to stir for 1 hour. After 1 hour, the sulfur solution
was rapidly injected into the Fe-ODA solution and left to react at 120  C for 4 hours. The solution
was allowed to cool to 100  C before injection of 10 mL of chloroform to prevent the solution from
congealing and then was transferred to centrifuge tubes, topped o↵ with methanol, and centrifuged
at 4000 rpm for 7 minutes. The supernatant was poured o↵ and an additional 5 mL of chloroform
and 40 mL of methanol was added, and the solution was mixed and centrifuged again. This step
was repeated two more times resulting in a flu↵y black solid that was suspended in chloroform and
stored under nitrogen. The same procedure is used to make discs except only 0.125 mmol of FeI2
was used. The average yield of the 2 syntheses is roughly around 70%, without the consideration
of the mass loss during the cleaning process. The FeS2 cubes were synthesized using a previously
reported method.89
Materials Characterization
UV–Vis absorbance spectra were taken on a UV-3600 Shimadzu UV–Vis–NIR spectrophotometer.
X-ray powder di↵raction was done at room temperature using monochromatic Cu-K↵ radiation on
a Bruker proteum di↵raction system equipped with Helios multilayer optics, and APEX II CCD
detector and a Bruker MicroStar microfocus rotation anode X-ray source operating at 45 kV and
60 mA. Powders were suspended in Paratone N oil and placed into a nylon loop and mounted on
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a goniometer head. Transmission electron microscope (TEM) images were obtained using a field
emission FEI Tecnai F20 Xt. Energy dispersive X-ray (EDS) was done using an EDAX EDS with
SiLi detector. Scanning electron microscope (SEM) images were obtained using a LEO 1550 field
emission SEM. Fourier transform infrared spectroscopy (FTIR) was performed using a Nicolet 6700.
Raman spectroscopy was performed using a Witec alpha 300 with a 633 nm wavelength laser.
Electrode Fabrication
A suspension was made by combining 5 mg carbon black, 200 µL of 5 wt% Nafion solution (Fuel
Cell Earth), and 1 mL of 50 mg/mL of either the FeS2 wires or discs suspended in chloroform.
Because of the di↵erence in conductivity and particle size between the wires/discs and the cubes,
the FeS2 cubes suspension was fabricated by combining 5 mg carbon black, 100 µL of 5 wt% Nafion
solution, and 500 µL of FeS2 cubes suspended in chloroform. Each nanostructure suspension was
sonicated for 15 min then <10 µL were dropcast on a 3 mm diameter glassy carbon electrode (CH
Instruments) and allowed to dry for 15 min before testing.
SECM tip electrode fabrication
A laser capillary pipet puller (Model P-2000, Sutter Instruments, USA), quartz capillaries (1 mm
O.D., 0.3 mm I.D., 7.5 cm in length, Sutter Instruments, USA), 200 µm diameter Pt wire (Electron
Microscopy Sciences 99.95% Pt wire), conductive silver epoxy (Circuit Works, USA), and silver
connection wire (30 AWG, Belden, USA) were utilized in the fabrication of 200 µm SECM tip
electrodes. MicroCloth polishing disks (Buehler, Canada), alumina micropolish (1 µm, 0.3 µm,
Buehler, Canada), and MicroCut 1200 grit silicon carbide grinding paper (P2500, Buehler, Canada)
were utilized to polish SECM tips before experiments.
Microdisk Pt electrodes 200 µm in diameter were fabricated for the SECM tip. The 200 µm Pt
wire was centered in the quartz capillary before sealing the capillary to the wire and pulling to a
tip with a laser capillary pipet puller (Sutter P- 2000). Course polishing of the electrode tip with
1200 grit silicon carbide grinding paper was performed before fine polishing with 1 µm and 0.3
µm alumina micropolish, consecutively. Silver connection wire lightly coated with silver epoxy was
inserted into the open end of the capillary tip electrode such that the silver epoxy was connecting
the silver connection wire and the Pt wire. The SECM tip electrode was allowed to dry in a Model
50
30GC Lab Oven (Quincy Lab Inc) at 100  C for 20 min before using.
SECM instrumentation
All reactivity maps were performed in a custom-built SECM including the following components
from Newport: Vision Isostation air table (VIS2436-IG2-125A), faraday cage for air table, XPS
Motion Controller/Driver with XPS-DRVP1 driver boards, 3-axis motion stage (VP-25XL- XYZL),
2 tilt stage motors (LTA-HS), and a Series 37 tilt stage. The SECM components were operated from
an iMac computer via custom designed LabVIEW software while electrochemical measurements
were collected via CH Instruments potentiostat (CHI730E).
Electrochemical Characterization
Electrochemical measurements were performed in a glass cell with a simple 3-electrode configuration
and carried out in a 0.1 M pH 7 phosphate bu↵er solution (PBS) bubbled with argon for 5 min
before use. The 0.1 M PBS was made by combining 4 mL of 1 M NaH2PO4 and 6 mL of 1 M
Na2HPO4 and diluting with 90 mL of deionized Milli-Q water. The electrochemical measurements
used either the FeS2 coated 3 mm glassy carbon electrode, or a bare 3 mm glassy carbon electrode,
or a bare 2 mm Pt electrode (CH Instruments) as the working electrode, a Pt wire (CH Instruments)
as the counter electrode, and an Ag/AgCl electrode with porous Teflon tip (CH Instruments) as the
reference electrode; however, the experiments were reported using the reversible hydrogen electrode
as the reference potential. Linear sweep voltammetry (LSV) experiments were performed at 1 mV
s-1 with a CH660E potentiostat (CH Instruments). All reported LSVs were corrected for double-
layer capacitance and uncompensated resistance. The FeS2 discs stability test along with the Pt
TOF calculations were performed by utilizing chronoamperometry at an applied potential of -0.14
V vs RHE, with stirring provided by a magnetic stir bar to overcome mass transfer limitations.
Time average data was recorded with each data point corresponding to an average current over 5
minutes.
The scanning electrochemical microscopy (SECM) reactivity mapping experiments were per-
formed in a Teflon cell using either the FeS2 discs coated 3 mm glassy carbon electrode, or a bare
3 mm glassy carbon electrode, or a bare 2 mm Pt electrode as the substrate, a 200 µm Pt ultra-
microelectrode (UME) as the SECM tip, a 200 µm Pt wire (Electron Microscopy Instruments) as
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the counter electrode, and an Ag/AgCl electrode with porous Teflon tip as the reference electrode
with 0.1 M PBS, bubbled with argon for 10 min, as the electrolyte. The SECM tip electrode was
positioned approximately 100 µm away from the substrate electrode before scanning. Scanning was
performed with the substrate electrode at a negative potential su cient to produce hydrogen while
the SECM tip electrode was held at a positive potential su cient to collect hydrogen. A 666.67
µm/s scanning speed was utilized with 100 µm steps over a 3500 µm x 3500 µm area for the Pt
substrate electrode, or a 4000 µm x 4000 µm area for the FeS2 discs coated glassy carbon and bare
glassy carbon substrate electrodes. The SECM substrate generation / tip collection (SG/TC) ex-
periments were performed in a Teflon cell with an FeS2 discs coated 200 µm Au ultramicroelectrode
(UME) as the substrate, a 200 µm Pt UME as the SECM tip, a 200 µm Pt wire (Electron Mi-
croscopy Instruments) as the counter electrode, and an Ag/AgCl electrode with porous Teflon tip
as the reference electrode with 0.1 M PBS 0.5 mM (dimethylaminomethyl)ferrocene (DMAMFc),
bubbled with argon for 10 min, as the electrolyte, and scan rate of 10 mV/s.
2.8.2 Supporting Results and Discussion
Materials Characterization
It should be noted that this low temperature phase could not be characterized as a standard phase
such as pyrite or marcasite because of its atomic layer thickness. As such, standard characteri-
zation methods of these 1D and 2D structures yielded results that are di↵erent than the 3D high
temperature phases. UV-Vis-IR measurements were taken of aliquots of wire and disc reactions
at 0.5, 5, 10, 30, 90, and 240 minutes. Initially peaks are not readily apparent, but after reaction
times greater than 1 minute the characteristic peaks appear at 320, 430, 530, 660, and 700 nm in
both the wire (Fig. 2.5a) and the disc (Fig. 2.5b) reactions.101,102 Optically the 2D growth of the
discs causes rapid peak formation with little di↵erence between scans at earlier and later reaction
times. The 1D growth of the wires shows slower peak formation, and the resulting spectra is similar
to those previously reported when investing growth of other pyrite structures where the wires were
an intermediate stage.89 In the early stages of the wire reaction, the shorter wavelengths dominate
the spectra and have the highest relative intensities. However, as the reaction progresses, the peaks
at 660 and 700 nm proceed to become the dominant peaks with the 700 nm peak appearing as a
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lower intensity shoulder. The absorbance spectra stabilize when the 700 nm shoulder eclipses the
660 nm peak achieving the highest maximum relative intensity of all the characteristic peaks.
Figure 2.5. Time dependent absorbance spectra and EDS data. UV-Vis-IR is shown in (a) and (b) for
wires and discs, respectively. In (c) growth of the peak at 700 nm was tracked over the course of the reaction
with the inset focusing on the first 30 minutes to illustrate the relative changes.
For clarity, the growth of the 700 nm absorbance peak over the course of the reaction was plotted
(Fig. 2.5c) and shows a strong correlation with the EDS data monitoring stoichiometry. The fact
that the 700 nm peak grows in and does not appear to shift as it grows suggests a structural (i.e.
stoichiometry) change instead of a size dependent shift in peak absorbance because of confinement.
Additionally, the rate and time at which the 700 nm peak reaches its maximum could be used as an
in-situ method for characterizing wires or discs formation as well as reaction progress, respectively.
Characterization by XRD shown in Fig. 2.6a-c was used to determine crystal structure and
structural evolution during the course of the reaction. Initially, it was found that crystalline iron
particles had formed prior to the injection of the sulfur, and persisted for the first few minutes of
the reaction. The match to iron oxide (Fig. 2.6a) is a result of exposure of these small particles
to open air during the measurement. Further along in the reaction, the iron oxide peaks disappear
and what is left is mostly noise with small peaks observed that do not match with the typical 1:2
Fe:S structures of iron pyrite or marcasite. Numerous other FexSy XRD patterns were investigated
but none matched appropriately. This may be caused by the limitations of the XRD when scan-
ning particles with atomic layer dimensions. In addition, as the low-dimensional FeS2 hyperthin
nanostructured materials are susceptible to the irradiation damage (primarily the oxidation issue)
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during the XRD measurement, it does not serve as a reliable source to characterize the FeS2 in this
study.
Figure 2.6. XRD data used to characterize the resulting nanostructures. XRD was taken of aliquots of
wire and disc reactions at (a,b) 1 min, (c,d) 30 min, and (e,f) 240 min during the reactions. The red peaks
correspond to Maghemite, Fe2O3 (00-004-0755) and the green peaks correspond to Pyrite, FeS2 (00-001-
1295).
TEM images of crystalline FeS2 discs are shown in Figure 2.7. In Figure 2.7a, a low magni-
fication image shows a FeS2 disc with 1 µm diameter. Select area electron di↵raction (SAED)
pattern was taken from the red-circled area to confirm its crystallinity, as shown in the inset. High
resolution TEM image of a FeS2 disc is shown in Figure 2.7b. FFT of the squared area (inset)
shows characteristic di↵raction peaks of the (020), (110), and (200) planes from marcasite FeS2,
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indicating the image was taken from its [001] direction.
Figure 2.7. TEM images of crystalline FeS2 discs. A FeS2 disc with 1 µm diameter is shown in (a), red
circle indicates the area where SAED pattern (inset) was taken. (b) High resolution TEM image of the
FeS2 disc observed from its [001] direction, FFT of the red-squared area (inset) shows di↵raction peaks from
(020), (110) and (200) planes.
Electrochemical Characterization
Equation 2.5 is an approximate form of the single-electron transfer Butler-Volmer Equation4 assum-
ing an irreversible reaction with no mass transfer e↵ects and a large overpotential. The equation
describes the relation between the current density, j, and the overpotential, ⌘, which is equivalent
to the electrode potential versus RHE. The exchange current density, j0, and the transfer coe -
cient, ↵, are the two kinetic parameters that were regressed from the LSV data, F is the Faraday
constant, R is the universal gas constant, and T is temperature.
j = j0e
 ↵⌘FRT (2.5)
As stated in the main text, triplicates of the LSV experiments were obtained from separate
batches of the FeS2 1D wires, 2D discs, and 3D cubes as shown in Fig. 2.8a. While the champion
data from each set was reported in the main text, good reproducibility was obtained with no overlap
between the worst 2D discs and best 1D wires, and no overlap between the worst 1D wires and
best 3D cubes. Di↵erences between samples were attributed to variability in electrode fabrication.
Fig. 2.8b shows the TEM image of the 3D FeS2 cubes to compare to the 1D wire and 2D disc
structures.
We also demonstrated that high stability of these catalysts can be obtained when held under
reducing conditions to evolve hydrogen. However, exposure of the FeS2 nanostructures to oxi-
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dizing potentials causes deactivation. Thus, it should be noted that the catalytic activity of the
FeS2 nanostructures decreases between scans when multiple cyclic voltammetry experiments are
performed in the range of +0.3 to -0.3 V vs RHE on the same electrode.
Figure 2.8. (a) Experimental linear sweep voltammograms for three di↵erent batches of FeS2 discs, wires,
and cubes coated on glassy carbon in 0.1 M pH 7 PBS using the convention of negative potentials to the
right and reduction currents as positive. Each LSV shown is from a freshly fabricated FeS2 electrode. (b)
TEM image of the 3D cubes is shown for comparison to wire and disc structures.
For all electrochemical measurements, uncompensated resistance measurements were made via
the “iR Comp” function on the CHI 660E Potentiostat software. The potential of all LSVs were
then corrected for the uncompensated resistance. Measurements of uncompensated resistance in
the samples were in the range of 100 - 520 ⌦. Double-layer capacitance was also corrected for by
subtracting background current (or current density) obtained from an extrapolated CV performed in
the potential region before the onset of hydrogen evolution. Figure 2.9a shows the raw experimental
data with no capacitance or iR correction for the data shown in Figure 2.3a in the main text, and
Figure 2.9b shows the raw experimental data with no capacitance or iR correction for the data
shown in Figure 2.8a.
As stated in the main text, linear sweep voltammograms (LSVs) of the FeS2 nanoparticles were
carried out at 1 mV/s so that a pseudo-steady state current could be reached at each potential.
In Figure 2.10a, it can be seen that the system becomes mass transfer limited at modest current
densities, but both the Pt and the FeS2 disc reach the mass transfer limited regime at similar current
densities. The mass transfer limited regime for Pt at 50 mV/s (Figure 2.10b) occurs at much higher
current densities than for Pt at 1 mV/s because of the transients and steeper concentration gradients
occurring from a faster scan rate. Figure 2.10c shows the LSVs with current density normalized by
scan rate to illustrate the dependence of current on scan rate.
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Figure 2.9. (a) Raw experimental linear sweep voltammograms with no capacitance or iR correction for
the champion Pt, glassy carbon, and FeS2 discs, wires, and cubes in 0.1 M pH 7 PBS using the convention
of negative potentials to the right and reduction currents as positive. Capacitance and iR corrected data
is shown in Figure 2.3a of the main text. (b) Raw experimental linear sweep voltammograms with no
capacitance or iR correction for three di↵erent batches of FeS2 discs, wires, and cubes coated on glassy
carbon in 0.1 M pH 7 PBS using the convention of negative potentials to the right and reduction currents
as positive. Capacitance and iR corrected data shown in Figure 2.8a.





Where i is the current, NAvo is Avogadro’s constant, AEC is the electrochemical surface area,
F is Faraday’s constant, and N is approximated as 1015 atoms cm-2. The electrochemical surface
area was determined from standard active surface area calculations based on capacitance assuming
20 µF cm-2 as described above. The surface area was 4.8 and 1.0 cm2 for the FeS2 discs and Pt,
respectively. The roughness factor (electrochemical surface area / geometric area) was found to be
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Figure 2.10. (a) Linear Sweep Voltammograms (LSVs) of Pt and FeS2 Discs at a scan rate of 1 mV/s
showing the mass-transfer limited regime (b) LSVs in (a) overlaid with a LSV of Pt at a scan rate of 50
mV/s (c) LSVs in (b) with the current density normalized by scan rate.
68 for the FeS2 discs and 31 for Pt. The raw data from which the current, i , was obtained can be
seen in Figure 2.11.
Similar measurements of the electrochemical surface area were also obtained for the wires and
cubes. The wires had an electrochemical surface area of 2.3 cm2 and the cubes had an electro-
chemical surface area of 0.56 cm2. This corresponds to roughness factors of 33 and 8, respectively.
Figure 2.12 shows the surface area normalized current as a function of potential.
Figure 2.11. Current vs. Time plots for Pt and FeS2 discs in stirred 0.1 M pH 7 phosphate bu↵er held at
a constant potential of -0.14 V vs. RHE.
The Faradaic e ciency of hydrogen evolution on the FeS2 discs was estimated from a SECM
substrate generation / tip collection (SG/TC) experiment (Figure 2.13). In this experiment a 200
µm Pt tip electrode was positioned over a 200 µm Au electrode coated with FeS2 disc substrate
electrode. Linear sweep voltammetry was performed on the FeS2 electrode and the Pt tip electrode
collected the evolved hydrogen as a function of potential. However, the first step in performing
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Figure 2.12. Electrochemical surface area normalized linear sweep voltammograms of Pt, and FeS2 discs,
wires, and cubes in 0.1 M pH 7 phosphate bu↵er solution (PBS) for the hydrogen evolution reaction at 1
mV/s.
SG/TC SECM to obtain the faradaic e ciency for hydrogen evolution is to determine the maximum
collection e ciency using an outer-sphere redox mediator. The maximum collection e ciency can
be under 100% because of misalignment of the tip to the substrate.
The redox mediator used to determine the theoretical maximum collection e ciency was (dimethy-
laminomethyl)ferrocene, DMAMFc, (E1/2 0.35 V vs. Ag/AgCl). However, the FeS2 discs were
found to deactivate under oxidizing potentials required to approach, align the tip and substrate,
and perform the DMAMFc+ SG/TC SECM (Figure 2.13a). Thus, a quick approach and map
were required, resulting in misalignment of the substrate and the SECM tip. This resulted in
a maximum collection e ciency, for DMAMFc/DMAMFc+, of 1.6%. Figure 2.13b shows the
DMAMFc/DMAMFc+ SG/TC SECM data corrected for the collection e ciency. Also the large
tip/substrate distance caused a delay in the collection of DMAMFc+, which is corrected for in
Figure 2.13b.
The raw experimental data for the hydrogen SG/TC SECM is shown in Figure 2.13c. Figure
2.13d shows the hydrogen SG/TC data corrected for the maximum collection e ciency of the
DMAMFc SG/TC experiment. In addition the large tip/substrate distance caused a delay in
hydrogen collection by the SECM tip due to a large di↵usion distance between the tip and substrate,
as was also the case for the DMAMFc+ collection. Figure 2.13d also corrects for capacitance
as described above. Due to the low collection e ciency it is di cult to exactly quantify the
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faradaic e ciency of hydrogen because small variations in the collection e ciency of DMAMFc
propagate through in calculating the Faradaic e ciency of hydrogen. However using this method
we determined an estimate of hydrogen Faradaic e ciency of the FeS2 discs to be 92 ± 8%.
Figure 2.13. SECM substrate generation / tip collection (SG/TC) experiments with an FeS2 discs coated
200 µm Au ultramicroelectrode (UME) as the substrate and a 200 µm Pt UME as the SECM tip. (a)
DMAMFc+ SG/TC raw data (b) DMAMFc+ SG/TC corrected data – the FeS2 discs current was corrected
for capacitance and the Pt current was corrected for capacitance, scaled to the collection e ciency (1.6%),
and the Pt potential was shifted to account for delay due to di↵usion. (c) Hydrogen SG/TC raw data (d)
Hydrogen SG/TC corrected data – the FeS2 discs current was corrected for capacitance and the Pt current
was corrected for capacitance, scaled to the DMAMFc+ collection e ciency, and the Pt potential was shifted
to account for delay due to di↵usion.
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Figure 2.14. Kinetic parameters obtained from the Tafel analysis and Bulter-Volmer Equations for Pt and
the FeS2 Discs, Wires and Cubes.
61
2.9 Appendix
Earth abundant catalysts, such as transition metal dichalcogenides, may have insu cient conduc-
tivity for electrocatalysis. FeS2 pyrite is a semiconductor, and the 1D FeS2 wires, 2D FeS2 discs,
and 3D FeS2 cubes all required addition of carbon to ensure that the current measured was due to
electrocatalytic reaction and not influenced by resistance of the catalyst. Figure 2.15 shows a cyclic
voltammogram (CV) of the FeS2 discs without any conductive agents (blue line), exemplifying how
resistance current can obscure the performance of the catalyst. Initially, activated carbon powder
was added to the catalyst suspension (such that the suspension was 8 wt% activated carbon) before
dropcasting the catalyst on the glassy carbon electrode. However, the CV still exhibited substantial
resistive current (Figure 2.15, black line) and the catalyst commonly flaked o↵ of the glassy carbon
into the electrolyte during experiments. In the next iteration, acetylene carbon black was mixed
in with the catalyst suspension because of it’s higher surface area and conductivity, and 5 wt%
Nafion solution was added to help bind the FeS2 discs to the carbon black and the electrode. A
CV of a sample from the 8 wt% carbon black, 15 wt% Nafion FeS2 discs suspension (Figure 2.15,
red line) shows a sharp onset of current (after the thermodynamic potential for water reduction,
E0=-0.617 V vs Ag/AgCl), indicative of an electrocatalytic reaction. The same recipe was found to
be e↵ective for the FeS2 wires suspension as well, but the di↵erence in particle size and conductivity
of the FeS2 cubes required double the carbon black content (20 wt% carbon black).
Figure 2.15. Cyclic voltammograms showing the decrease in resistive current of the FeS2 discs with the
addition of conductive agents.
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Chapter 3
Microwave-assisted synthesis of a
nanoamorphous (Ni0.8,Fe0.2) oxide
oxygen-evolving electrocatalyst
containing only “fast” sites
3.1 Abstract
Nickel-iron oxyhydroxides (Ni0.8Fe0.2OOH) are non-precious metal electrocatalysts for the oxygen
evolution reaction (OER) that have high e ciency in alkaline media. It has been suggested that the
layered-double hydroxide (LDH) crystal structure of Ni0.8Fe0.2OOH contains two types of catalytic
sites, “fast” Fe sites and “slow” Ni sites, which may limit the overall activity because only 20% of
the catalytic surface is highly active. Herein, we report a facile microwave-assisted synthesis route of
creating a nanoamorphous nickel-iron oxide electrocatalyst that contains only “fast” catalytic sites.
Benchmarking experiments on flat electrodes (roughness factors <1.4) showed that the microwave-
assisted, nanoamorphous (Ni0.8,Fe0.2) oxide had a low OER overpotential of 286 mV at a current
density of 10 mA cm 2. We measured the kinetic rate constant of the active sites directly with the
surface interrogation mode of scanning electrochemical microscopy (SI-SECM). We show that the
microwave-assisted, nanoamorphous (Ni0.8,Fe0.2) oxide has only one type of catalytic site with an
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OER kinetic rate constant of 1.9 s 1 per site. We compared this to a crystalline Ni0.8Fe0.2OOH that
was synthesized via electrochemical conditioning of crystalline Ni0.8:Fe0.2 oxide, and verified that
the Ni0.8Fe0.2OOH contained two types of catalytic sites – “fast” sites with an OER rate constant
of 1.3 s 1 per site and “slow” sites with a OER rate constant of 0.05 s 1 per site. The percentage
of “fast” sites in the crystalline Ni0.8Fe0.2OOH was well matched to the total iron atom content,
while 100% of the sites were “fast” in the microwave-assisted, nanoamorphous (Ni0.8,Fe0.2) oxide.
3.2 Introduction
The development of e cient, earth-abundant electrocatalysts for the oxygen evolution reaction
(OER) is of great importance to solar fuel production, because the OER is the half reaction that
limits the overall e cency.73,103,104 Developing catalysts for the OER is especially challenging since
the oxidation of water to oxygen occurs through a complex four-electron/four-proton transfer3
and many materials require a significant overpotential to drive the catalysis.105 Traditionally, the
best catalysts for the OER have been composed of the noble metals Ru and Ir.50,106,107 However,
since the discovery that iron impurities can improve the OER activity of nickel oxide electrocat-
alysts,108,109 nickel-iron oxyhydroxides (Ni0.8Fe0.2OOH), specifically the layered double hydroxide
(LDH) structure of Ni0.8Fe0.2OOH, have emerged as promising non-precious metal OER electro-
catalysts in alkaline media and can rival the performance of iridium oxides.60,61,110–127
Experimental analysis of nickel to iron ratios has shown that approximately a Ni0.8:Fe0.2 ratio
provides optimum catalytic performance.60,112,113,121,128,129 This optimum ratio has been supported
by a recent study by Bell and co-workers, which coupled X-ray absorption spectroscopy (XAS) with
density functional theory (DFT) calculations.63 segregation occurs and an inactive  -FeOOH phase
is formed.63 In addition, DFT calculations from this study showed that the isolated iron sites within
the Ni0.8Fe0.2OOH matrix are highly active for the OER, while Ni sites in Ni0.8Fe0.2OOH matrix
are not active for the oxidation of water.63 The existence of “fast” Fe sites and “slow” Ni sites in
Ni0.8Fe0.2OOH was recently verified experimentally by Bard and co-workers.130 The Bard study
used the surface interrogation mode of scanning electrochemical microscopy (SI-SECM) to probe
the kinetics of the active sites on iron, nickel, and nickel-iron (oxy)hydroxides.130 It is known
that insights into the intrinsic activity of a catalyst can be obtained via SI-SECM, which mea-
64
sures the active site density and the kinetic rate constants of catalyst sites via an electrochem-
ical titration.130–133 In Bard’s study, they observed that two types of catalytic sites existed for
Ni0.8Fe0.2OOH; “fast” sites with a kinetic rate constant of 1.70 s-1 per site and “slow” sites with a
kinetic rate constant of 0.056 s-1 per site.130 Bard also showed that the percentage of “fast” sites
matched well with the iron atom content in the Ni0.8Fe0.2OOH matrix, providing further experi-
mental evidence for the existence of both “fast” and “slow” sites in Ni0.8Fe0.2OOH. However, this
finding implies that only 20% of the catalytic surface is highly active, and it may be possible to
further improve the OER performance of nickel-iron electrocatalysts if more of the surface could
be made active.
In addition to LDH Ni0.8Fe0.2OOH, there is extensive experimental evidence that amorphous
materials can have exceptionally high electrocatalytic activity for the OER.134–140 In fact, a recent
report from Vojvodic, Sargent and co-workers showed that amorphous, homogeneously-dispersed
multimetal oxygen-evolving electrocatalysts exhibited some of the best OER performance yet to be
reported.66 However, it is not well understood why these amorphous and homogeneously-dispersed
materials exhibit such high cataltyic activity, nor is it well understood if amorphous structures also
exhibit both “fast” and “slow” catalytic sites.
Herein, we set out to develop a catalytically active, well-dispersed, nanoamorphous (Ni,Fe)
oxide for use as an OER electrocatalyst in which we can control the Ni:Fe ratio, and determine
if amorphous structures give rise to only “fast” catalytic sites. To accomplish this, we developed
a microwave-assisted synthesis route for creating nanoamorphous (Ni,Fe) oxide structures. Mi-
crowave synthesis routes141 have been previously used to form nanostructures of iron oxides,142–144
but to the best of our knowledge microwave synthesis routes of nickel-iron OER catalysts have not
been previously reported. We compared the electrochemical activity of this microwave-assisted,
nanoamorphous (Ni,Fe) oxide material to a Ni0.8Fe0.2OOH that we synthesized via an electro-
chemical conditioning of crystalline Ni0.8:Fe0.2 oxide.122 To measure the kinetics of the active sites
directly, we utilized SI-SECM via a masked-electrode technique. Our findings show that on flat
electrodes (roughness factor <1.4), the microwave-assisted, nanoamorphous (Ni,Fe) oxide mate-
rial had a lower overpotential for the OER compared to the crystal-derived oxyhydroxide. Our
SI-SECM experiments on the crystal-derived Ni0.8Fe0.2OOH showed the existence of “fast” and
“slow” sites (kinetic rate constants of 1.3 s-1 and 0.05 s-1, respectively) and the percentage of fast
65
sites (7%) matched well with the iron-metal content. These results are in very good agreement
with the study recently performed by Bard and co-workers.130 However, SI-SECM experiments
on the nanoamorphous (Ni0.8,Fe0.2) structure showed only one type of site, and the kinetic rate
constant of this site (1.9 s-1) matched well with the kinetics of the “fast” site on the crystal-derived
Ni0.8Fe0.2OOH. This finding suggests that well-dispersed, amorphous materials may have higher
catalytic activity because they exhibit only the “fast” catalytic sites.
3.3 Materials and Methods
3.3.1 Chemicals
Iron (III) nitrate nonahydrate (98%+, ACS Reagent, Acros), nickel (II) nitrate hexahydrate (99%,
Fisher Scientific), iridium (III) chloride (99.99%, Alfa Aesar), sodium hydroxide (¿97%, Fisher Sci-
entific), ethylene glycol (99.8%, anhydrous, Sigma Aldrich), sodium bicarbonate (Fisher Scientific),
potassium hydroxide (85%, Acros Organics), iron (III) sulfate hydrate (Reagent Grade, Alfa Aesar),
triethanolamine (97%, Acros Organics) were all used as received without additional purification.
3.3.2 Catalyst Synthesis
Crystalline-derived catalyst.
Crystalline thin-films of Ni0.8:Fe0.2 oxide were made similar to those previously reported.145 Briefly,
two solutions, one of 0.02 M Ni(NO3)2 · 6H2O and the other of 0.02 M Fe(NO3)3 · 9H2O, were
prepared separately in ethylene glycol and subsequently mixed in an 8:2 ratio. The solution was
dropcast and annealed on fluorine-doped tin oxide (FTO) coated glass (Sigma-Aldrich) to create
the Ni0.8:Fe0.2 oxide as described in Supporting Information. The oxide was then electrochemically
conditioned by applying an oxidation current of ca. 10 mA cm-2 for 1 hour, as has been previously
described.122
Nanoamorphous microwave-assisted catalysts.
First, a nanoamorphous Fe catalyst was synthesized using a sol-gel method similar to a previously
reported method with some modifications.146,147 Briefly, 8.08 grams of Fe(NO3)3 · 9H2O was dis-
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solved in 100 mL of 18.2 M⌦ water. Separately, 1.99 grams of NaHCO3 was dissolved in 100 mL
of 18.2 M⌦ water. Both solutions were sonicated until fully dissolved. The Fe(NO3)3 · 9H2O was
placed in a 250 mL Erlenmeyer flask with a Teflon stir bar and placed on a stir plate. The NaHCO3
was placed in a burette and was used to titrate at a rate of 2 - 3 drops per second to achieve a rate
of 2.5 - 3 mL/min rate while rapidly stirring the Fe(NO3)3 solution. The suspension underwent a
gradual color change from orange to deep red at the end. The total titration time was about 40 - 45
minutes, and the solution continued to stir for one hour after titration. This suspension was then
placed in Nalgene bottles to be microwaved. The solution was microwaved for about two minutes,
with swirling every 15 - 20 seconds to mix the contents, in a conventional 1050 W microwave (Ri-
val). After two minutes of microwaving, the solution had begun to boil with bubbles on the sides of
the bottles. To form the nanoamorphous Ni catalyst, this procedure was repeated by replacing the
Fe(NO3)3 · 9H2O with 5.82 grams of Ni(NO3)2 · 6H2O. After microwaving the nickel suspension,
some separation occurred. To form the nanoamorphous mixed-metal catalysts, this procedure was
repeated except the Ni(NO3)2 · 6H2O and Fe(NO3)3 · 9H2O were mixed to create two additional
solutions at 1:1 and 8:2 molar ratios, respectively. These solutions were titrated and microwaved as
described above. Some separation also occurred in the nanoamorphous mixed-metal suspensions.
Electrodes were made by dropcasting the suspensions, both with and without the microwave step,
on FTO-coated glass and were dried at 70  C as described in the Supporting Information. After
dropcasting, the samples were gently rinsed with 18.2 M⌦ water to remove any material that was
not well adhered to the surface. This left a nearly transparent film of the nanoamorphous Ni1-x:Fex
catalyst on the FTO-coated glass. Additionally, the microwave-assisted nanoamorphous Ni0.8:Fe0.2
was deposited via electrophoretic deposition on FTO-coated glass to compare to the dropcast sam-
ples on FTO. The nanoamorphous Ni0.8:Fe0.2 was also electrophoretically deposited onto a glassy
carbon rotating disc electrode (RDE) for benchmarking, and solution-derived (non-microwaved)
and microwave-assisted Ni0.8:Fe0.2 were dropcast on a glassy carbon RDE for comparison. Elec-
trophoretic deposition was performed by applying -5 V to the working electrode for 10 minutes in
a two electrode system with a Ti counter electrode.
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3.3.3 Materials Characterization
Scanning electron microscope (SEM) images and Energy Dispersive X-Ray Spectrometry (EDS)
images were obtained using a FEI Versa 3D Dual Beam SEM. X-ray Di↵raction (XRD) data were
collected on a Bruker D8 Discover with DaVinci di↵ractometer, in the standard Bragg-Brentano
para-focusing configuration utilizing sealed tube CuK↵ radiation (  = 1.5418 Å) operated at 40kV
and 40mA. The sample was mounted using a zero background holder (ZBH) on a horizontal sample
stage for an 830 mm diameter goniometer equipped with a 1D Lynxeye detector. Data were
collected using a step width of 0.02  and step time of 0.3 s with a 2✓ range of 20.0  - 100.0 . X-
ray photoelectron spectroscopy (XPS, Physical Electronics, Inc USA) was used to obtain binding
energies of the C 1s, O 1s, Fe 2p, and Ni 2p orbitals using a monochromatic Al X-ray source. The
adventitious carbon 1S binding energies for all XPS measurements were taken to be 284.8 eV.
3.3.4 Electrochemical characterization
Cyclic voltammetry (CV) was performed on the catalyst coated FTO electrodes in a custom Teflon
cell with a holding place for a Ag/AgCl reference electrode with porous Teflon tip (CH Instruments).
The size of all FTO glass working electrodes was 0.49 cm2, except for those used in the non-
microwaved vs microwaved comparison (See Figure 3.1c), which were 0.97 cm2. A 200 µm Pt wire
(Electron Microscopy Instruments) was used as the counter electrode, and the CV experiments were
performed in 1 M NaOH. All electrochemical measurements were obtained via a CH Instruments
(Austin, TX) potentiostat.
Benchmarking experiments (i.e. cyclic voltammetry, chronopotentiometry, chronoamperome-
try) were performed on a catalyst coated glassy carbon custom rotating disc electrode (RDE),
0.071 cm2, in a glass cell with a Ag/AgCl reference electrode with porous Teflon tip (CH Instru-
ments) and a Pt counter electrode (CH Instruments). All RDE experiments were operated at 1600
rpm in 1 M NaOH.
The SECM Instrumentation utilized for the surface interrogation experiments was described
previously.148 Before each SECM experiment, the 2 M NaOH ca. 50 mM Fe(III)-TEA (E0 = -1.05
V vs Ag/AgCl in 2 M NaOH) solution (synthesis described in Supporting Information) was bubbled
with argon for 10 minutes. The experiments were carried out in a custom Teflon cell holding the
68
Figure 3.1. Scanning Electron Microscopy (SEM) images of the crystal- derived (a and b), microwave-
assisted (c and d), and solution-derived (non-microwaved) (e and f) Ni0.8:Fe0.2 catalysts deposited on FTO-
coated glass.
masked crystal-derived oxyhydroxide or microwave-assisted nanoamorphous Ni0.8:Fe0.2 on FTO
glass substrate as the working electrode, a 200 µm Pt wire (Electron Microscopy Instruments)
as the counter electrode, and a Ag/AgCl electrode with porous Teflon tip (CH Instruments) as
the reference electrode. The SECM tip, a glassy carbon (GC) ultramicroelectrode, a = 29 µm
(fabrication described in the Supporting Information), was held at -1.1 V vs Ag/AgCl while it was
approached to the approximate location of hole in the masked substrate until a current enhancement
of 0.4 was reached (Supporting Information Figure 3.10). Electrochemical reactivity maps, ranging
in size from 200 – 1600 µm x 200 – 1600 µm, were performed, with step sizes ranging from 10
– 40 µm and a sample interval of 2 s, until the location of the hole was apparent (Supporting
Information Figure 3.11). The GC tip was positioned near the hole and re-approached to a current
enhancement of 0.3 before moving the GC tip directly over the hole. For the surface interrogation
experiment, a potential step with a 20 s duration was performed on the catalyst with 0.383 V
overpotential. Immediately following, the substrate was brought to open circuit for a delay time
ranging from 0 – 2000 ms before a potential step was applied to the GC tip electrode at -1.1 V
vs Ag/AgCl with pulse width of 180 s. Finite element analysis simulations were performed with
COMSOL Multiphysics v. 5.2 (additional details provided in Supporting Information).
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3.4 Results and Discussion
3.4.1 Materials Synthesis
Scheme 1 compares the synthesis routes of the nanoamorphous (Ni,Fe) oxide using our newly
reported microwave-assisted technique, to the synthesis route of the crystal-derived Ni0.8Fe0.2OOH.
Both techniques start with iron nitrate and nickel nitrate precursors. To fabricate the crystal-
derived Ni0.8Fe0.2OOH, we utilized a previously reported method where Fe-doped NiO rock salt
structures are converted to nickel-iron oxyhydroxides via electrochemical conditioning.122 The rock
salt structure (see XRD analysis under Materials Characterization) was fabricated by depositing
solutions of these nitrate salts in ethylene glycol on a fluorine-doped tin oxide (FTO) coated glass
substrate, followed by annealing in air at 525  C for 3 hours.143 To fabricate the nanoamorphous
structure, we needed to devise a method that allowed us to control the Ni:Fe ratio and form the
oxide structure without excessive heating to avoid crystallization and segregation. To accomplish
this, we used a titration technique to form nickel-iron carbonates, and then applied a microwave-
heating step to decompose the carbonate and form an amorphous oxide structure. For example,
when an aqueous solution containing Fe(NO3)3 is titrated with NaHCO3, the iron and carbonate
ions will form iron (III) bicarbonate (Equation 3.1, which spontaneously decomposes to iron (III)
carbonate as a precipitate (Equation 3.2) (See XPS analysis under Materials Characterization).
Iron (III) carbonate is inactive for the OER, but it decomposes further to produce the active iron
oxide (Equation 3.3) at temperatures below 100  C.149 We utilized the microwave-heating step to
force the decomposition of the carbonate species to the oxide species while still in solution, so that
the crystallization and segregation do not occur.
Fe3+ + 3HCO 3 ! Fe(HCO3)3 (3.1)
2Fe(HCO3)3 ! Fe2(CO3)3 + 3CO2 + 3H2O (3.2)
Fe2(CO3)3 ! iron oxides + 3CO2 (3.3)
70
Figure 3.2. Synthesis sequence of nanoamorphous Ni0.8:Fe0.2 oxide (left) and crystal-derived Ni0.8:Fe0.2
oxyhydroxide (right).
3.4.2 Materials Characterization
SEM images of the crystal-derived Ni0.8:Fe0.2 prior to electrochemical conditioning (Figure 3.1a)
show a catalyst layer with some catalyst cracking occurring due to the annealing step. This formed
macroparticles ca. 10’s of µm in size. These macroparticles have some porosity and are not single
crystals (Figure 3.1b). EDS measurements show a uniform distribution of Fe and Ni in these
macroparticles (Supporting Information Figure 3.18), and show that the nickel to iron ratio is
approximately Ni0.8:Fe0.2. SEM images of the solution-derived (non-microwaved) structure (Figures
3.1e and 3.1f) show uniform macroparticles of ca. 50-100 µm in size. These macroparticles are
fairly smooth with little surface variation. When the microwave-heating step was applied, the
structure changes into an amorphous network, presumably from the release of CO2 that occurs
during the decomposition of the carbonate species (Figures 3.1c and 3.1d). EDS measurements on
the microwave-assisted structure also show uniform distribution of Fe and Ni and an approximate
nickel to iron ratio of Ni0.8:Fe0.2 (Supporting Information Figure 3.19).
High resolution transmission electron microscopy (HRTEM) images (Figure 3.3) show that the
microwave-assisted Ni0.8:Fe0.2 is not a collection of individual particles but it is a nanoamorphous
network. Complete absence of crystalline order is seen even at the 5 nanometer scale (Figure
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3.3d). Electron di↵ractograms (Figure 3.3, inlays) show no di↵raction spots, indicating that our
microwave-assisted Ni0.8:Fe0.2 is indeed nanoamorphous. XRD (Figure 3.4a) on the crystal-derived
Ni0.8:Fe0.2 oxide prior to electrochemical conditioning shows the NiO rock-salt structure in addition
to Fe3O4. Segregation of iron and nickel has been previously reported on nickel-iron samples that
have molar ratios very near to the 25% iron segregation limit.63,130 XRD on the microwave-assisted
structure shows an amorphous structure with no iron oxide, nickel oxide, or oxyhydroxide peaks
visible, confirming that this material is amorphous. The only di↵raction peaks observed are those
of NaNO3 which is a remnant of the titration of Fe(NO3)3 or Ni(NO3)2 with NaHCO3. The
NaNO3 crystals can be seen on SEM images of un-rinsed XPS was performed on the crystal-derived
Ni0.8:Fe0.2 oxide prior to conditioning (Figures 3.4b-e, top spectrum), electrochemically conditioned
crystal-derived Ni0.8:Fe0.2 oxyhydroxide (Figures 3.4b-e, second spectrum), solution-derived (non-
microwaved) Ni0.8:Fe0.2 (Figures 3.4b-e, third spectrum), and microwave-assisted nanoamorphous
Ni0.8:Fe0.2 (Figures 3.4b-e, bottom spectrum). On the crystal-derived sample prior to conditioning,
the Fe 2p3/2 binding energy was 711 eV, which is consistent with the binding energy for Fe3O4.
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Three separate O 1S peaks are visible at binding energies of 528.8 eV, 530.0 eV, and 531.6 eV. The
528.8 eV peak is consistent with iron oxides and/or hydroxide species, and the 530 eV and 531.6 eV
peaks are consistent with nickel oxide and/or hydroxide species.127 The Ni 2p3/2 binding energies
were 854.5 eV and 856.5 eV. The 854.5 eV peak is consistent with NiO, and the 856.5 eV peak
is consistent with NiO or nickel hydroxide.127 The multiple oxygen and nickel peaks confirm that
some segregation occurs during the synthesis of the crystal-derived structure prior to conditioning
as also shown with the XRD data. The electrochemically conditioned crystal-derived sample shows
similar characteristic peaks, and the two separate O 1S peaks suggest that segregation still exists
in the crystalline nickel-iron oxyhydroxide structure.
On the microwave-assisted structure, the Ni 2p3/2 binding energy was 855.9 eV, indicative of
Ni(OH)2 or NiOOH.
127 The single O 1S peak at a binding energy of 531.2 eV is indicative of nickel
oxide, nickel hydroxide, or iron hydroxide species.150,151 The Fe 2p3/2 binding energy of 711.1 eV
is also indicative of an iron binding energy in a hydroxide structure.15161 However, the solution-
derived (non-microwaved) binding energies contain a crucial di↵erence when compared to that of
the microwave-assisted. On the non-microwaved sample, there is a C 1s binding energy at 289.2
eV, which is not present on the microwave-assisted structure. The 289.2 eV peak is consistent
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Figure 3.3. High resolution transmission electron microscopy (HRTEM) images of the microwave-assisted
nanoamorphous Ni0.8:Fe0.2 (a–d) with the corresponding electron di↵ractograms (inlays).
with a carbonate peak,149 which gives strong evidence to support the formation of an inactive iron
carbonate species in the initial steps of the synthesis preceding the microwave step. In addition, this
XPS data is further evidence that the microwave-assisted synthesis is able to create a nickel-iron
structure with no measurable segregation of iron.
3.4.3 Electrochemical Characterization
Rotating disc electrode (RDE) cyclic voltammograms of solution-derived (non-microwaved) and
microwave-assisted Ni0.8:Fe0.2 on a glassy carbon electrode, along with bare glassy carbon are
shown in Figure 3.5a. Here the utility of the microwaving step is apparent. The activity of the
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Figure 3.4. X-ray di↵raction of crystal-derived Ni0.8:Fe0.2 oxide prior to electrochemical conditioning
and microwave-assisted nano- amorphous Ni0.8:Fe0.2 powders (a). X-ray photoelectron spectroscopy of
the crystal-derived Ni0.8:Fe0.2 oxide prior to conditioning (b–e, top spectrum), electrochemically condi-
tioned crystal-derived Ni0.8:Fe0.2 oxyhydroxide (b–e, second spectrum), solution-derived (non-micro- waved)
Ni0.8:Fe0.2 (b–e, third spectrum), and microwave-assisted nanoamorphous Ni0.8:Fe0.2 (b–e, bottom spec-
trum).
non-microwaved (i.e. carbonate) material over the bare glassy carbon is marginal. However, the cat-
alytic activity of microwave-assisted structure shows a dramatic improvement compared to the non-
microwaved structure. We also utilized two deposition techniques to apply the microwave-assisted
sample to the GC electrode, electrophoretic deposition and dropcasting (MW-E and MW-D, re-
spectively), and found that electrophoretic deposition (electrodeposition) provided better catalyst
coverage and higher catalytic activity, with the MW-E electrode reaching 100 mA cm-2 at 369
mV overpotential. To further demonstrate the utility of the microwave-step, we compared the
catalytic activity of non-microwaved and microwave-assisted structures of mixed-metal Ni1-x:Fex
with di↵erent Ni:Fe ratios (representative cyclic voltammograms are shown in Figure 3.5b). We
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observed that the non-microwaved samples containing Fe (Fe, Ni:Fe, and Ni0.8:Fe0.2) did not have
any significant catalytic activity for the OER, nor did we observe the Ni(OH)2/NiOOH redox peaks
typically found in Ni:Fe oxyhydroxides60,121 for these samples (Supporting Information Figure 3.12
and 3.13). For all of the Ni1-x:Fex microwave-assisted structures, we observed the Ni(OH)2/NiOOH
redox peaks (See Supporting Information Figure 3.14) and a large oxidation current indicative
of catalytic activity for the OER. The solution-derived and microwave-assisted samples that only
contained Ni also exhibited both of these characteristics. Since we made no attempt to purify
the Ni precursors, we attribute the relatively high activity of the Ni-only samples to Fe impurities
that may be present.109,121 Triplicate cyclic voltammetry measurements from di↵erent synthesis
batches show good reproducibility for all microwave-assisted structures (Supporting Information
Figure 3.15). To compare the MW-E and MW-D Ni0.8:Fe0.2 to the crystal-derived Ni0.8:Fe0.2 oxy-
hydroxide and crystalline IrOx, cyclic voltammograms were performed with all samples deposited
onto FTO-coated glass (Figure 3.5c). Both the microwave-assisted and crystal-derived samples
show the Ni(OH)2/NiOOH redox peaks and the large oxidation current indicative of catalytic ac-
tivity for the OER. The IrOx sample also shows a small wave, which may be attributed to a IrIV/IrV
transition,132 prior to the onset of the large oxidation wave indicative of catalytic activity for the
OER. The static cyclic voltammetry measurements showed that MW-E Ni0.8:Fe0.2 electrode has
an overpotential ca. 100 mV less than that of the crystal-derived Ni0.8:Fe0.2 and ca. 200 mV less
than that of crystalline IrOx.
In order to determine if the increase in catalytic activity of the microwave-assisted electrode-
posited Ni0.8:Fe0.2 samples was due to an increase in the electrochemical surface area (ECSA),
the double layer capacitance was measured via cyclic voltammetry (Supporting Information Fig-
ures 3.16 and 3.17). We measured similar and very low roughness factors on both the crystalline
Ni0.8Fe0.2OOH and the microwave-assisted nanoamorphous Ni0.8:Fe0.2 structures, 1.2 and 1.4, re-
spectively. Reliable estimation of the ECSA of a catalyst can be di cult and subjective, but based
on these measurements, it cannot be conclusively stated that a change in the ECSA is the reason
for the increase in electrocatalytic performance of the microwave-assisted structure. In addition,
we measured a slightly higher mass loading with the crystal-derived sample having 120 ± 20 µg
cm-2 and the microwave-assisted sample having 60 ± 20 µg cm-2. This suggests that the increased
electrocatalytic activity of the microwave-assisted structure is not simply due to an increase in the
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ECSA or an increase in the mass loading.
Figure 3.5. Rotating disc electrode cyclic voltammograms of microwave-assisted electrodeposited (MW-E)
and dropcast (MW-D) nanoamorphous Ni0.8:Fe0.2, with solution-derived (Non-MW) Ni0.8:Fe0.2 on a glassy
carbon (GC) electrode at 10 mV s-1 (a). Static cyclic voltammograms of solution-derived (non-microwaved)
and microwave-assisted Ni1 x:Fex on FTO glass at 1 mV s-1 (b). Static cyclic voltammograms of MW-E and
MW-D nanoamorphous Ni0.8:Fe0.2 along with crystal-derived (CD) Ni0.8:Fe0.2 oxyhydroxide and crystalline
IrOx on FTO glass at 50 mV s-1 (c). All experiments were performed in 1 M NaOH and are corrected for
uncompensated resistance (Ru).
While, the microwave-assisted Ni0.8:Fe0.2 sample showed an OER overpotential of 250 mV at
10 mA cm-2, overpotentials obtained from Figure 3.5c are not at steady-state. This makes com-
parison di cult due to transient concentration gradients that occur in static cyclic voltammetry
experiments. Thus, the overpotential was obtained under steady-state conditions to benchmark
the electrocatalytic activity for the OER as articulated by Jaramillo (Figure 3.6).105 The steady-
state currents from 30 s chronoamperometry experiments (Figure 3.6, squares) and the steady-state
overpotentials from 30 s chronopotentiometry experiments (Figure 3.6, circles) agree well with the
RDE cyclic voltammetry curve (Figure 3.6, solid line). The microwave-assisted nanoamorphous
electrodeposited Ni0.8:Fe0.2 sample had a low overpotential for the OER at 286 mV for 10 mA cm-2
(geometric area), where the overpotential at t=0 was taken from the chronopentiometry curve at
30 s. This value is among the lowest overpotentials reported on “flat” electrodes (Supporting Infor-
mation Table 3.9). A 2 hour chronopotentiometry experiment at 10 mA cm-2 was also conducted
to assess the stability of the catalyst. After two hours of applying an overpotential su cient to
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produce a current density of 10 mA cm-2, the required overpotential increased only slightly to 315
mV (Figure 3.6, inlay).
Figure 3.6. Cyclic voltammogram at 10 mV s-1 (solid line), steady-state currents from 30 s chronoamperom-
etry experiments (squares), and steady-state potentials from 30 s chronopotentiometry experiments (circles)
on microwave-assisted nanoamorphous Ni0.8:Fe0.2 electrodeposited on a glassy carbon rotating disc electrode
(RDE). 2 h chronopotentiometry experiment at 10 mA cm2 with the microwave- assisted nanoamorphous
Ni0.8:Fe0.2 electrodeposited on a glassy carbon RDE (inlay). All RDE experiments were operated at 1600
rpm in 1 M NaOH and corrected for Ru.
3.4.4 Surface-interrogation scanning electrochemical microscopy
In order to determine if the reason for the increased activity of the microwave-assisted, nanoamor-
phous (Ni0.8,Fe0.2) structure was due to an increased percentage of “fast” catalytic sites, we per-
formed surface interrogation scanning electrochemical microscopy (SI-SECM) on both the nanoamor-
phous and crystalline samples. Traditionally, SI-SECM involves two ultramicroelectrodes (UMEs)
of the same size aligned such that analyte produced from one of the electrodes (tip or substrate) is
quantified via electrochemical detection without the analyte ever escaping the tip/substrate gap.133
The standard use of size-matched UMEs requires that one of the UME surfaces be composed of the
electrocatalytic material to be analyzed. Justification of this technique is di cult if the preliminary
studies (i.e. cyclic voltammetry) of the catalytic material are better suited on conductive supports
(i.e. FTO-coated glass), which are not easily created as UME surfaces. To circumvent this problem,
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we introduce a masking technique to create pseudo-UME surfaces from large (a 500 µm) substrates.
A 12.5 µm thick Teflon fluorinated ethylene propylene (FEP) film with a voided center ([e↵ective]
radius a = 31 and 37 µm for crystal-derived Ni0.8:Fe0.2 and microwave-assisted Ni0.8:Fe0.2 samples,
respectively, as shown in Supporting Information Figure 3.11) was heat-bonded to the electrodes
to yield a pseudo-UME substrate suitable to perform SI-SECM. A glassy carbon UME (radius a
= 29 µm) was crafted similar in procedure to that described elsewhere.132 The redox mediator
employed for the SI-SECM titration was an iron(III)-triethanolamine (Fe(III)-TEA) complex (E0
= -1.05 V vs Ag/AgCl in 2 M NaOH, Supporting Information Figure 3.21).130,132 To conduct the
SI-SECM experiment, the tip was aligned with the substrate and approached to a tip/substrate
gap of ca. 7 µm above the FEP mask. The surface interrogation mode involved two steps (Scheme
3.7). A potential pulse, Esub (0.383 V overpotential) was first applied to the substrate to generate
surface-active NiIV and/or FeIV species,130 while the tip was held at a potential near open circuit
potential (OCP) for a characteristic time, tstep (20 s). Subsequently, the substrate electrode was
switched to OCP, and after a delay time, tdelay (varied from 0 to 2000 ms), the potential of the tip
was stepped to Etip (-1.1 V vs Ag/AgCl) to introduce the titrant, Fe(II)-TEA (Equation 3.4).
Fe(III)  TEA+ e  ! Fe(II)  TEA (3.4)
Fe(II)  TEA+ S⇤ ! Fe(III)  TEA+ S (3.5)
When the NiIII, NiIV and/or FeIV surface-active species (S*) are present, the titration of the
surface species back to NiII and/or FeIII produces positive feedback current on the tip until all
surface-active species on the substrate are consumed (Equation 3.5).130 In this experiment, when
the substrate was switched to OCP these surface species participated solely in water oxidation
until the potential of the tip was stepped to Etip after tdelay (Equations 3.6 and 3.7). By titrating
the surface species remaining after di↵erent delay times, concentration-time profiles were obtained,
allowing for the extraction of the pseudo-first order rate constant of water oxidation by the catalytic
sites of the substrate.
FeIV +H2O ! Fe(III)  TEA+OH(ads) ·+H+ (3.6)
78
NiIV +H2O ! NiIII +OH(ads) ·+H+ (3.7)
Figure 3.7. SI-SECM experimental sequence. First (left) a potential pulse is applied to the catalytic
substrate to create active sites. Second (right) a potential pulse is applied to the SECM tip after a delay
time (while the catalytic substrate is at open-circuit) to generate reactive Fe(II)–TEA which titrates the
active sites on the catalytic substrate.
To obtain the concentration profiles (Figure 3.8a,c) from the current-time data, the surface
charge densities at each tdelay were first quantified by integrating the net current (di↵erence of
measured current and negative feedback current).130 The SI-SECM negative feedback trace (black
line, Figure 3.8) was simulated via finite element analysis in COMSOL Multiphysics (details pro-
vided in Supporting Information).
The resulting concentration-time profiles (Figures 3.8b and 3.8d-e) were used to extract the
pseudo-first order rate constant(s) of each material. The crystal-derived Ni0.8:Fe0.2 oxyhydroxide
showed showed a sharp decrease in the number of active sites at very short delay times (less than 0.1
s), followed by a gradual decrease in the number of active sites at long delay times (greater than 0.1
s). This is indicative of the existence of two types of catalytic sites as previously demonstrated by
Bard and co-workers.130 The “fast” and “slow” sites on the crystal-derived Ni0.8:Fe0.2 oxyhydroxide
had rate constants of 1.3 s-1 and 0.05 s-1, respectively, which is in very good agreement with
the Bard study which measured 1.70 s-1 and 0.056 s-1, respectively. However, the microwave-
assisted nanoamorphous Ni0.8:Fe0.2 structure only showed a sharp decrease in the number of active
sites at all times indicative of only one type of catalytic site. We measured a kinetic rate of 1.9
s-1, indicating that the microwave-assisted nanoamorphous Ni0.8:Fe0.2 structure has only “fast”
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sites. We calculated the total active site density of the crystal-derived Ni0.8:Fe0.2 oxyhydroxide and
microwave-assisted nanoamorphous Ni0.8:Fe0.2 to be 145 mC cm-2 and 81 mC cm-2, respectively,
using the y-intercept of the concentration-time regression lines. The microwave-assisted sample
had 100% fast sites while the crystal-derived sample had only 7% fast sites and 93% slow sites,
roughly correlating to the ratio of Fe to Ni in the sample. This matched well with the total iron
atom content (20%), and the lower percentage of fast sites can be attributed to the segregation
that was observed in the XRD and XPS measurements for the crystalline oxyhydroxide structure.
Figure 3.8. Surface interrogation chronoamperograms performed with microwave-assisted nanoamorphous
Ni0.8:Fe0.2 (a) and electrochemically conditioned crystal-derived Ni0.8:Fe0.2 oxyhydroxide (c) in 2 M NaOH ca.
50 mM Fe(III)–TEA showing positive feedback after the application of 0.383 V overpotential to the catalyst
and a subsequent delay time, varied from 0–2000 ms. Regression of pseudo-first order rate constants of the
OER on the activated sites of the microwave-assisted nanoamorphous Ni0.8:Fe0.2 (b) and electrochemically
conditioned crystal-derived Ni0.8:Fe0.2 oxyhydroxide (d and e).
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3.5 Conclusions
Here we report a microwave-assisted synthesis method to create mixed-metal nanoamorphous nickel-
iron catalysts for the OER. We observed that on flat electrodes (roughness factor <1.4), the OER
electrocatalytic activity was higher on the microwave-assisted, nanoamorphous Ni0.8:Fe0.2 structure
compared to the crystal-derived Ni0.8:Fe0.2 oxyhydroxide. By benchmarking the microwave-assisted,
nanoamorphous structure, we determined that it had a very low overpotential of 286 mV at 10
mA cm-2. We measured the kinetics of the active sites of both the crystal-derived and microwave-
assisted Ni0.8:Fe0.2 samples directly using the surface interrogation mode of scanning electrochemical
microscopy (SI-SECM). We determined that the microwave-assisted structure contained all “fast”
sites with rate constant 1.9 s-1, and the crystal-derived structure contained 7% “fast” sites with rate
constant 1.3 s-1 and 93% slow sites with a rate constant of 0.05 s-1. This finding, is experimental
evidence that developing synthesis methods to maximize the uniformity of amorphous structures
is advantageous for the development of highly e cient Ni-Fe catalysts for electrochemical water
oxidation.
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3.7 Supporting Materials and Methods
3.7.1 Electrode Fabrication
Drop-cast Thin Films
FTO glass sheets (Sigma Aldrich) cut to 0.5-inch squares were cleaned by washing with soap,
deionized water, and ethanol. The FTO pieces were placed in a beaker with ethanol and sonicated
for 10 minutes. The slides were dried at room temperature for about 5 minutes. Then, using a
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micropipette, approximately 250 µL of solution was dropped onto each square in the most even
thin layer possible. The slides were then placed into an oven at 135  C for about 30 minutes. This
was repeated once more for a second coating. After coating the FTO glass, the crystalline thin-film
samples were fired in air at 500  C for 3 hours with a 1  C min-1 ramp rate. For each sample, a
2-3 mm edge of coating was scraped o↵ and copper wire tape (Electron Microscopy Sciences) was
placed on and scored.
Drop-cast solution-derived and microwave-assisted films:
FTO glass sheets were cut and cleaned as described above. Using a micropipette, approximately
250 µL of the suspension was dropped onto each square in the most even thin layer possible. The
slides were then placed into an oven at 70  C for about 30 minutes. This was repeated once more
for a second coating. No additional annealing was applied to the electrode. For suspensions where
separation occurred, the suspension was pipetted from the bottom of the container.
Masked Substrate:
The substrate in the scanning electrochemical microscopy (SECM) experiment was a catalyst sam-
ple drop-cast on FTO glass (Sigma-Aldrich) and masked to create a pseudo-ultramicroelectrode
suitable for surface interrogation mode of SECM. To make the mask, a 2 cm x 2 cm square of
Teflon FEP Film (50A, American Durafilm) was taped to a Teflon block, which was fixed in the
clamp of a CNC Mill. A hole was drilled in the FEP film with a 100 µm diameter drill bit (One
Piece, Drill Bits Unlimited). The FEP film mask was placed over the catalyst-coated FTO glass
with the hole centered and the excess FEP film trimmed o↵. The masked substrate was placed in
the furnace above 271  C for 30 minutes to allow the FEP film to heat-bond to the substrate.
Glassy Carbon Ultramicroelectrode:
The glassy carbon (GC) ultramicroelectrode utilized as the SECM tip was fabricated similar to
the procedure previously reported with some modifications.132 A 1 cm GC rod (type 2, 1 mm
diameter, Alfa Aesar) was electrochemically etched in 4 M KOH by submersing half of the rod and
applying 5 V using a graphite counter electrode for 500 s. Subsequently, the rod was flipped and
the other end of the rod was electrochemically etched in the same manner. The etching process
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was repeated, alternating the end of the rod and lowering the etch time as needed, until a sharp
GC needle was obtained. The GC needle was rinsed with acetone and deionized water and allowed
to dry completely. A silver connection wire (30 AWG, Belden, USA) coated with conductive silver
epoxy (Circuit Works, USA) was inserted into one end of a borosilicate glass capillary (1 mm O.D.,
0.5 mm I.D., Sutter Instruments, USA). The other end of the borosilicate glass capillary was filled
with silver epoxy and the etched GC needle with one end coated in silver epoxy was inserted. The
conductive wire was pushed against the GC needle inside the capillary to ensure good electrical
contact. The silver epoxy in the electrode was dried in the oven at 120  C for 30 minutes with
the GC tip pointing upwards. The GC tip was completely coated in epoxy (1C&EPKC, Loctite
Hysol) and dried in the oven with the GC tip pointing upwards at 120  C, removing the electrode
to recoat/remold the epoxy every 20 s until su ciently coated. Finally, the electrode was dried
in the oven at 120  C for 2 hours to hasten the curing of the epoxy. After the epoxy was fully
cured, the tip of the electrode was polished with MicroCloth polishing disks (Beuhler, Canada)
until a GC disc was visible. The electrode tip was also sharpened with the MicroCloth polishing
disc until the desired RG was reached. Before experimentation, the GC disc was polished with
alumina micropolish (1 µm, Beuhler, Canada) until it possessed a mirror-like surface.
3.7.2 Synthesis
Redox Mediator:
The Fe(III)-TEA solution was prepared according to a previously reported procedure.132 Briefly,
3.2 g of NaOH were added to 10 mL of deionized water while stirring and cooling in a 25  C water
bath. Separately, 20 mL of deionized water was bubbled with argon in a round-bottom flask for 5
minutes. While stirring, 214.4 mg of Fe2(SO4)3 · xH2O were added to the round-bottom flask. 104
µL of triethanolamine (TEA) were added dropwise to the round-bottom flask. The NaOH solution




The crystalline thin-films of IrOx were made similar to the crystalline-derived Ni0.8:Fe0.2 described
in the main paper. Briefly, a solution of 0.02 M IrCl3 was prepared in ethylene glycol, and the
solution was drop-cast and annealed on FTO coated glass (further details can be found in Electrode
Fabrication section).
ηt=0 [mV]      
(10 mA cm-2)
ηt=2h [mV]      
(10 mA cm-2)
ηCV[mV]         
(10 mA cm-2)
ηCV [mV]         
(100 mA cm-2)
jg, [mA cm-2] 
(η=0.35 V)




This Study 286 315 250 369 61.5 55.2 1.4
IrOx2 320 ± 40 1050 ± 20 - - 42 ± 13 0.4 ± 0.2 105
NiFeOx2 350 ± 10 380 ± 20 - - 15 ± 6 3 ± 2 6
LDH Ni0.9Fe0.1Ox3 - - 336 - - - -
Electrodeposited NiFe (40% Fe)4 280 - - - - 20  (at 0.3 V) 2-6
LDH NiFe on Graphene Oxide5 - - 221 - - - -
Fractal NiFe6 - - - 300 - - -
Amorphous Ni-Fe oxyhydroxide7 300 - - - - - -
Pulse-Electrodeposited Ni−Fe 
(Oxy)hydroxide8
- - 250 - - - -
Laser Ablation Ni0.22Fe0.78 LDH9 280 - - - - - -
 1
Figure 3.9. Performance comparisons between the results of this study and other recent studies on (Ni,Fe)
electrocatalysts for the oxygen evolution reaction.
Figure 3.10. Examples of negative feedback approach curves for imaging and surface interrogation scanning
electrochemical microscopy (SI-SECM). Negative feedback approach curve for SI-SECM experiments with
glassy carbon ultramicroelectrode tip and masked crystal-derived Ni0.8:Fe0.2 (a) and microwave-assisted
Ni0.8:Fe0.2 (b) on FTO glass substrate.
3.7.4 Details on COMSOL Multiphysics Simulations
COMSOL (COMSOL Multiphysics v. 5.2) simulations were performed to obtain the negative
feedback current for the SI-SECM experiments. In COMSOL a 2D axial-symmetric domain was
created to simulate the actual size of our SECM tip electrode, the size and thickness of the masked
catalyst electrode, and the tip/substrate distance as described in the main paper (Figure 3.24).
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Figure 3.11. Electrochemical imaging maps for surface interrogation scanning electrochemical microscopy.
Map of the hole in the mask on crystal-derived Ni0.8:Fe0.2 (a) and microwave-assisted Ni0.8:Fe0.2 (b) on
FTO glass substrate generated using a glassy carbon ultramicroelectrode tip with Fe(III)/Fe(II)-TEA redox
couple. High reduction current is represented as red, revealing the location of the mask hole, and low
reduction current is shown as blue.
Figure 3.12. Cyclic voltammograms (CVs) of the crystal-derived Ni0.8:Fe0.2 before (a) and after (b)
applying an electrochemical conditioning oxidation current of ca. 10 mA for 1 h to create an oxyhydroxide
morphology with characteristic peaks appearing in the CVs between 1.45 and 1.5 V vs RHE. The CV after
electrochemical conditioning is a magnified view of the crystal-derived CV presented in Figure 3.4a of the
main text.
Two separate edge meshes were used, (1) on the SECM tip boundary, and (2) on the catalyst
electrode boundary extending up and halfway across the FEP mask. These edge meshes had a
maximum element size of 0.5 µm and a minimum element size of 0.05 µm. A free triangular mesh
was used for the solution using COMSOL’s built-in “fine” element size, which was calibrated for
fluid dynamics. Figure 3.22 shows 2D axial-symmetric geometry with the mesh used for these
simulations.
The COMSOL Electroanalysis module was used to simulate the SECM tip current during the
surface interrogation experiment. This module couples Fick’s Law of Di↵usion with the Butler-
Volmer Equation to obtain the concentration of the oxidized and reduced species in solution, as
well as the current on the electro-active boundary as a function of applied potential. Since the
reduction of Fe(III)-TEA to Fe(II)-TEA is a fast outer-sphere, one-electron transfer, we used 1
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Figure 3.13. Cyclic voltammograms (CVs) of the solution-derived Fe (a), Ni (b), Ni:Fe (c), and Ni0.8:Fe0.2
(d) on FTO-coated glass. Each CV was taken from Figure 3.1a of the main text and magnified to the region
where the NiII/NiIII peaks would be visible. The Ni is the only one of our solution-derived materials to show
the characteristic oxyhydroxide peaks before microwaving.
cm/s as the electron-transfer kinetic rate constant and ↵ = 0.5 for the transfer coe cient. The
di↵usion coe cient for both the Fe(III)-TEA and Fe(II)-TEA species was 2E-6 cm2/s as previously
reported.132 The tip potential in our simulations was exactly as it was in our experiment. The
tip/substrate distance was 7 microns above the surface of the FEP mask. The initial concentration
of redox mediator, Fe(III)-TEA, used was 28 mM for the crystal-derived Ni0.8:Fe0.2 and 65 mM
for the microwave-assisted Ni0.8:Fe0.2 (di↵erent concentrations of redox mediator were attributed
to evaporative losses of solution from argon bubbling in between experiments).
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Figure 3.14. Cyclic voltammograms (CVs) of the microwave-assisted Fe (a), Ni (b), Ni:Fe (c), and
Ni0.8:Fe0.2 (d). Each CV was taken from Figure 3.1a of the main text and magnified to the region where the
NiII/NiIII peaks are visible. As expected, the Fe is the only one of our microwave-assisted materials to lack
the characteristic peaks.
Figure 3.15. Experimental cyclic voltammograms (CVs) in 1 M NaOH at a scan rate of 1 mV s-1 not
corrected for Ru for three di↵erent batches of microwave-assisted Fe, Ni, Ni:Fe, and Ni0.8:Fe0.2 coated on
FTO glass using the convention of reduction currents as positive and negative potentials to the right. Each
CV shown is from a freshly fabricated microwave-assisted metal/mixed metal (oxy)hydroxide.
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Figure 3.16. Double-layer capacitance measurements via cyclic voltammetry on microwave-assisted
Ni0.8:Fe0.2 electrodeposited on glassy carbon (a) and bare glassy carbon (c) in 1 M NaOH at various scan
rates where non-faradaic current occurs. Current vs scan rate for microwave-assisted Ni0.8:Fe0.2 electrode-
posited on glassy carbon (b) and bare glassy carbon (d) with regression lines next to the corresponding
double layer capacitance values and the average specific capacitance, Cs.
Figure 3.17. Double-layer capacitance measurements via cyclic voltammetry on crystal-derived Ni0.8:Fe0.2
oxyhydroxide on FTO-coated glass (a) and bare FTO-coated glass (c) in 1 M NaOH at various scan rates
where non-faradaic current occurs. Current vs scan rate for crystal-derived Ni0.8:Fe0.2 oxyhydroxide on
FTO-coated glass (b) and bare FTO-coated glass (d) with regression lines next to the corresponding double
layer capacitance values and the average specific capacitance, Cs.
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Figure 3.18. SEM and corresponding EDS images of crystal-derived Ni0.8:Fe0.2 sample prior to electro-
chemical conditioning step. Shown is the uniform distribution of Fe and Ni along with the Sn of the sub-layer
due to the FTO coated glass substrate.
Figure 3.19. SEM and corresponding EDS images of microwave-assisted, nanoamorphous Ni0.8:Fe0.2 sample
electrophoretically deposited on a FTO coated glass substrate. Shown is the uniform distribution of Fe and
Ni along with the Sn of the sub-layer due to the FTO coated glass substrate.
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Figure 3.20. SEM and corresponding EDS images of the microwave-assisted Ni0.8:Fe0.2 sample without
the rinsing step. Shown are the NaNO3 crystal that are a result of titration of NaHCO3 with Fe or Ni NO3.
These NaNO3 crystals are also present in the XRD patterns of the microwave-assisted samples.
Figure 3.21. Redox mediator, ca. 50 mM Fe(III)-TEA, cyclic voltammogram (CV) at 10 mV s-1 in 2 M
NaOH with a glassy carbon ultramicroelectrode.
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Figure 3.22. 100 cyclic voltammetry (CV) cycles at 50 mV s-1 on microwave-assisted nanoamorphous
Ni0.8:Fe0.2 electrodeposited on a glassy carbon electrode in 1 M NaOH and corrected for Ru showing no
significant change in activity with each successive cycle.
Figure 3.23. 12 h chronopotentiometry experiment at 10 mA cm-2 with microwave-assisted nanoamorphous
Ni0.8:Fe0.2 electrodeposited on a glassy carbon RDE at 1600 rpm in 1 M NaOH and corrected for Ru showing
stable oxygen production with an overpotential of 0.33 V at 12 h.
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Figure 3.24. COMSOL 2D axial-symmetric domain and corresponding mesh used for SI-SECM simulations.
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3.8 Appendix
The synthesis for the microwave-assisted nanoamorphous Ni0.8:Fe0.2 oxide yields a suspension in
which separation occurs, resulting in a reddish brown layer (containing the catalyst) beneath a
green layer (Figure 3.25). Di↵erent combinations of these two layers were used for dropcasting on
fluorine doped tin oxide (FTO) glass to determine the most e cient way of depositing the catalyst
from solution. Using a pipette, bottom layer:top layer ratios of 60:40, 70:30, 90:10, and 100:0 were
dropcast onto FTO glass, and the samples were tested using cyclic voltammetry (CV). There was
no apparent advantage in using one ratio over the other so the bottom layer was used in all of the
depositions.
Figure 3.25. Nanoamorphous Ni0.8:Fe0.2 oxide in solution after the microwave-assisted heating step in 125
mL Nalgene bottles.
Dip-coating was investigated as an alternative to drop-casting nanoamorphous Ni0.8:Fe0.2 oxide
on FTO glass. Using the CNC mill, clean FTO glass was dipped into catalyst solution and removed
at a controlled rate. The catalyst suspension would not adhere well the FTO glass when it was re-
moved from the catalyst solution; whereas, drop-casting on FTO glass allowed the catalyst solution
to dry onto the electrode and provide su cient adhesion for electrochemical characterization.
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Di↵erent methods of drying the drop-cast nanoamorphous Ni0.8:Fe0.2 oxide on FTO were also
investigated, including drying in the oven at 70  C and 120  C, air overnight, and UV lamp. At
120  C, the coating would be thicker around the edges and absent in the center, possibly due to
drying too quickly, and the UV lamp did not produce consistent results. Oven drying at 70  C
gave identical results to air drying overnight, so oven drying at 70  C was used to dry drop-cast
samples.
Voltage and electrodeposition time were varied to find the optimum conditions for electrodepo-
sition. Electrodeposition at -2 volts was insu cient to form a catalyst layer on the FTO glass while
-5 V formed a catalyst layer. Based on cyclic voltammograms (CVs), samples electrodeposited at
-10 V did not show better performance than those electrodeposited at -5 V. Electrodeposition at
-5 V was performed over 5, 10, 15, 20, 30, and 60 minute time periods. Samples prepared from 5
minutes of electrodeposition showed poor performance compared to those prepared from 10 minutes
of electrodeposition, indicating insu cient catalyst coverage. Longer electrodeposition times, such
as 30 minutes and 60 minutes, also produced samples with poor coverage.
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Chapter 4
Insights into the Active
Electrocatalytic Areas of Layered
Double Hydroxide and Amorphous
Nickel–Iron Oxide Oxygen Evolution
Electrocatalysts
4.1 Abstract
Layered double hydroxide (LDH) and amorphous nickel-iron (oxy)hydroxides (Ni1-xFexOOH) are
emerging catalysts for the electrochemical oxygen evolution reaction (OER). It is still unresolved
if the layered two-dimensional (2D) structure allows for active catalytic sites to exist below the
traditional electrode/electrolyte interface. Herein, we utilized the surface interrogation mode of
scanning electrochemical microscopy (SI-SECM) to directly measure active site densities in-situ. We
determined that Ni0.8Fe0.2OOH LDH showed a 10-fold increase in the active site density compared
to rock salt Ni0.8:Fe0.2 oxide, giving direct evidence that water and hydroxide in the interlayer are
able to create stable NiIV/FeIV active species at layers below the electrode/electrolyte interface.
This result suggests that electrolyte permeability of the 2D LDH structure is a major contributor
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for its increased catalytic activity. Amorphous Ni0.8:Fe0.2 oxide also exhibits an anomalously high
active site density and higher activity than Ni0.8Fe0.2OOH LDH.
4.2 Introduction
Designing e cient, earth-abundant, and stable electrocatalysts for the oxygen evolution reaction
(OER) is paramount to the electrochemical production of carbon neutral fuels, because the OER
is the half reaction that limits the overall e ciency due to the complexity of the four electron/four
proton transfer event.152–157 Historically, the most e↵ective catalysts for the OER have been com-
posed of the precious metals, Ru and Ir.158–160 However, in recent years nickel-iron (oxy)hydroxides
(Ni1-xFexOOH), specifically the layered double hydroxide (LDH) structure of Ni1-xFexOOH, have
emerged as non-precious metal electrocatalysts with competitive performance to precious metal
counterparts in alkaline media.161–177
LDHs are layered two-dimensional (2D) materials with each layer in the LDH made up of two
intercalated metal hydroxide sub-layers178–183. It is known that, due to the layered 2D structure,
Ni1-xFexOOH LDHs are permeable to aqueous electrolytes allowing for water and hydroxide ions
to access layers below the electrode/electrolyte interface.184–187 It has been shown that the water
molecules can desorb at elevated temperatures, indicative of the freedom of translational movement
of this interfacial water.179–181,185 This movement of water and hydroxide anions into and out of
the interlayer has been suggested as an important factor in the high activity of catalytic LDHs
for the OER.186,187 Recently, there has been significant interest in 2D materials and layered 2D
materials for electrocatalysis.188–193 Understanding the role of interlayer water and hydroxide in
OER catalysis would greatly aid in the development and design of layered 2D electrocatalysts.
However, it is still uncertain if these water molecules and hydroxide ions in the interlayer can
participate in OER electrocatalysis. The di culty in determining the role of interlayer hydroxide
ions arises from the fact that nickel (oxy)hydroxides undergo a redox transition from non-conducting
NiII species to conducting NiIII/IV species during OER electrocatalysis, which makes traditional
electrochemical surface area (ECSA) measurements via voltammetry impossible.
In order to determine the degree to which the 3D structure of Ni1-xFexOOH LDH is catalyt-
ically active for the OER, one needs an accurate measurement of the number of sites that can
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participate in catalysis. If the active site density of the catalyst is higher than the atomic sur-
face density (e.g. 20 sites nm 2), one can conclude that the electrolyte permeability allows for
sub-surface layers to participate in electrochemical reactions. Accurately measuring the active site
density is also imperative for measuring the turnover frequency (TOF)—a crucial metric for direct
comparison of catalysts. The active site density of the Ni1-xFexOOH LDH structure, for example,
may be approximated indirectly by integrating the NiIII/II redox wave. Boettcher and co-workers
have shown good agreement between the integration of the NiIII/II redox wave and catalytic ac-
tivity for the OER, indicating that the 3D structure does indeed participate it catalysis.194–196
However, traditional voltammetry uses the same electrode to produce and detect the NiIII/II tran-
sition, which is often bordering or nearly overlapping the catalytic water oxidation wave. Thus,
for some materials, it may be di cult to accurately determine the active site density with voltam-
metry. Alternatively, active site density can be calculated from the electrochemical surface area
(ECSA), which is a measurement of the surface roughness or the surface area exposed to the elec-
trolyte. Typically, ECSA measurements are made by determining the double layer capacitance of
the electrode. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) are
known methods to measure double layer capacitance, however these techniques may not be accu-
rate for every catalyst system.175,194,197–199 For example, ECSA measurements obtained from CV
are especially troublesome on nickel (oxy)hydroxide-based materials due to the NiII species being
electrically insulating.194 Moreover, even with accurate double layer capacitance measurements, a
capacitance per unit true surface area must be assumed to calculate ECSA.200 The capacitance per
unit true surface area is dependent on the oxide surface and electrolyte, and values in the range
of 20 and 140 µF cm-2 are commonly assumed, although there is not an established basis for this
assumption.200–202 All of these factors may result in di culties in obtaining accurate active site
density measurements.
To circumvent these problems and determine if the 3D structure of Ni1-xFexOOH LDH is a
major contributing factor for its high OER activity, we utilized the surface interrogation mode of
scanning electrochemical microscopy (SI-SECM) to directly measure the active site density without
the uncertainty associated with ECSA measurements and assumptions for indirect measurements
of active site density (Scheme 4.1). SI-SECM, originally pioneered by Bard and Rodŕıguez-López,
is a technique through which insights into the intrinsic activity of a catalyst can be obtained via an
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electrochemical titration that measures the active site density of a catalyst.55,175,203–211. Recently,
Bard and co-workers used SI-SECM to probe the active site densities of iron, nickel, and nickel-iron
(oxy)hydroxides, and they found that the 80% Ni 20% Fe oxide material had two discrete surface
sites identified as “fast” and “slow” sites.212 More recent SI-SECM studies on other systems, such
as photo-assisted water oxidation on a hematite surface, have also revealed the existence of discrete
sites with di↵erent rate constants on the same catalyst surface.213,214 In addition, Bard observed
that the nickel and nickel-iron (oxy)hydroxides have very high active site densities, more than
one order of magnitude higher than those observed on IrOx 204 or on a Co OER catalyst.203 Bard
suggested that such a densely packed active site density cannot be attributed simply to the surface
roughness or porosity of the catalysts, but that the layered structure of these (oxy)hydroxides allows
for electron transport from the bulk material to the solution interface through holes that may also
participate in surface catalysis.212 However, no direct comparisons were made in Bard’s original
study to provide certainty that sub-surface sites participate in catalysis.
Figure 4.1. Schematic describing the SI-SECM experiment. First, a potential is applied to the catalytic
electrode to generate active sites while the SECM tip electrode is at open circuit (left). Next, a potential pulse
is applied to the SECM tip electrode to generate the redox active titrant (Fe(II)-TEA) while the catalytic
electrode is at open circuit (right). The active site density can be measured by the feedback current measured
on the SECM tip electrode.
In order to make a direct comparison between di↵erent crystal structures, which have the same
morphology, we utilized SI-SECM to compare the active site density of a rock salt Ni0.8:Fe0.2
oxide (XRD shown in Figure 4.8 with a Ni0.8Fe0.2OOH LDH, where the Ni0.8Fe0.2OOH LDH was
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synthesized via electrochemical conditioning of the rock salt Ni0.8:Fe0.2 oxide.215 If the electrolyte
permeability of the LDH structure plays a role in catalysis, we would expect the LDH structure to
have a higher active site density than the rock salt structure even though their morphologies are
the same. In addition to the Ni1-xFexOOH LDH structure, a number of highly active amorphous
oxide catalysts for the OER have emerged,175,216–230 including a report from Vojvodic, Sargent,
and co-workers of homogeneously dispersed multimetal oxygen-evolving electrocatalysts that are
among the best performing OER catalysts reported.231 In a previous study, our group reported
a microwave-assisted synthesis technique to create a nanoamorphous Ni0.8:Fe0.2 oxide structure,
which had an overpotential of 286 mV at 10 mA cm-2 on a glassy carbon support electrode.175
However, it is not known if electrolyte permeability contributes to the high OER activity of these
amorphous structures either.
4.3 Materials and Methods
4.4 Electrochemical Characterization
The OER activity of the three Ni0.8:Fe0.2 oxide materials having the same chemical compositions
and mass loadings but di↵erent crystal structures were measured via cyclic voltammetry (Figure
4.2). The Ni0.8:Fe0.2 ratio was chosen because the 80:20 ratio has been established as the optimum
for nickel-iron oxide electrocatalysts.60,113,170,207,220,232 It is known that by applying a simple elec-
trochemical conditioning step, the rock salt Ni0.8:Fe0.2 structure is converted to a Ni0.8Fe0.2OOH
LDH structure.215 This provides two di↵erent crystal structures with the same morphology, al-
lowing for direct comparisons to be made. Comparing the Ni0.8Fe0.2OOH LDH to the rock salt
Ni0.8:Fe0.2, the utility of a layered structure is quite apparent. The Ni0.8Fe0.2OOH LDH structure
has an overpotential nearly 100 mV less than that of the rock salt Ni0.8:Fe0.2 monolayer struc-
ture at 20 mA cm-2. At 10 mA cm-2, the amorphous Ni0.8:Fe0.2 oxide, Ni0.8Fe0.2OOH LDH, rock
salt Ni0.8:Fe0.2 oxide, and IrOx had overpotentials of 303 mV, 396 mV, 453 mV, and 481 mV,
respectively.
We performed double layer capacitance measurements via cyclic voltammetry (CV) to demon-
strate the futility of this technique for obtaining accurate surface area measurements on nickel
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Figure 4.2. Cyclic voltammograms of amorphous Ni0.8:Fe0.2, Ni0.8Fe0.2OOH LDH, rock salt Ni0.8:Fe0.2,
and crystalline IrOx on fluorine doped tin oxide (FTO) glass in 1 M NaOH at 50 mV s-1 and corrected for
uncompensated resistance, Ru.
(oxy)hydroxide-based materials (Figure 4.3). The rock salt Ni0.8:Fe0.2 oxide, Ni0.8Fe0.2OOH LDH,
and amorphous Ni0.8:Fe0.2 oxide all had capacitance values (11, 14, and 11 µF cm-2) similar to that
of the underlying FTO glass (12 µF cm-2), consistent with the report by Boettcher that double
layer capacitance CVs taken on nickel-iron (oxy)hydroxides typically only measure the capacitance
of the underlying support.194 The IrOx supported on FTO glass had a capacitance of 270 µF cm-2,
resulting in a roughness factor of ca. 22.5. This is the expected order of magnitude of capacitance
for a catalyst supported on FTO glass.
4.4.1 Surface Interrogation Scanning Electrochemical Microscopy
To gain insight into the dramatic increase in OER activity when utilizing a Ni0.8Fe0.2OOH LDH
structure instead of the rock salt Ni0.8:Fe0.2 structure, we performed surface interrogation scanning
electrochemical microscopy (SI-SECM). In the SI-SECM experiment, we utilized a glassy carbon
ultramicroelectrode (UME), a = 29 µm, as the SECM tip positioned within close proximity of a
masked pseudo-UME substrate, made up of amorphous Ni0.8:Fe0.2, Ni0.8Fe0.2OOH LDH, rock salt
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Figure 4.3. (a) Double layer capacitance measurements via cyclic voltammetry on Ni0.8Fe0.2OOH LDH.
Current vs scan rate with regression lines and the corresponding double layer capacitance values for (b)
Ni0.8Fe0.2OOH LDH, (c) rock salt Ni0.8:Fe0.2, (d) amorphous Ni0.8:Fe0.2, (e) crystalline IrOx, and (f) bare
FTO glass.
Ni0.8:Fe0.2, or IrOx on FTO-coated glass. Fabricating a masked pseudo-UME is critical for the
success of this experiment. Typical SI-SECM experiments involve the use of two equally sized
UMEs.233 However, due to the high annealing temperature required to create the oxide materials
(500 oC), a conventional glassy carbon UME would not be suitable for this experiment. By masking
the catalyst on FTO-coated glass, we can perform SI-SECM on this unique set of materials.
The surface interrogation experiments involved an initial potential pulse, Esub (varied from -
0.207 to 0.468 V overpotential), applied to the substrate to form surface-active species, while the tip
electrode was held at a potential near open circuit potential (OCP) for a characteristic time, tstep (20
s). Following tstep, the substrate electrode was switched to open circuit potential and the titrant,
Fe(II)-TEA, was generated by stepping the tip potential, Etip, to -1.1 V vs Ag/AgCl. At Esub
su cient to form surface-active species (NiIII, FeIV, and/or NiIV for the Ni0.8:Fe0.2 catalysts)212,
positive feedback current was measured on the tip in the subsequent step until the titration of
surface-active species was complete (Scheme 4.1).
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Figure 4.4. Surface interrogation chronoamperograms performed in 2 M NaOH ca. 50 mM Fe(III)-TEA.
(a,c) Experimental chronoamperograms and (b,d) COMSOL simulated chronoamperograms showing positive
feedback at elevated potentials of rock salt Ni0.8:Fe0.2 and Ni0.8Fe0.2OOH LDH on FTO glass.
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4.5 Results and Discussion
To quantify the active site densities, and to provide insights into the di↵erences in the shape
of the current-time profiles, the SI-SECM experiment was simulated via finite element analysis in
COMSOL Multiphysics (details provided in Supporting Information). The physics of the simulation
included Butler-Volmer one-electron transfer at the SECM tip (Equation 1), Fick’s di↵usion of
Fe(II)-TEA from the tip to the substrate, the surface reaction of Fe(II)-TEA with surface-active
species (Equation 2), and Fick’s di↵usion of Fe(III)-TEA back to the tip electrode. The only
adjustable parameters in our simulation were the rate constant of the surface reaction, ksr, and the
active site density,  ; all other parameters were obtained from experiment.
Fe(III)  TEA+ e  ! Fe(II)  TEA (4.1)
Fe(II)  TEA+ S⇤ ! Fe(III)  TEA+ S (4.2)
Keeping ksr constant for each sample, increasing the total active site density on the substrate
resulted in higher levels of positive feedback measured on the tip current. We determined the
active site density on the catalyst substrate as a function of potential by performing a least-squares
fit between the experimental and simulated data. There is good agreement between experimental
and simulated SI-SECM data for all four catalysts (Figure 4.4, Figure 4.11, and Figure 4.12), which
demonstrates the reliability of measuring active site densities with these simulations. It should be
noted that the experimental tip current and simulated tip current are actual values without any
normalizations or corrections.
Figure 4.5 shows the dependence of active site density on Esub. The surface interrogation of
nickel-iron (oxy)hydroxides is an overall two-electron titration, with the NiIII/II transition occur-
ring first followed by the NiIV/III transition, overlapped with the FeIV/III transition.212 The surface
interrogation of iridium oxide is only a single-electron transfer corresponding to the IrV/IV transi-
tion.204 We measured the active site density of both rock salt Ni0.8:Fe0.2 and IrOx to be ca. 500
sites nm-2. As described in Supporting Information, the crystalline IrOx sample was fabricated in
the same method as the rock salt Ni0.8:Fe0.2. There are several outcomes from this measurement.
First, a site density of 500 sites nm-2 for the IrOx results in a surface roughness measurement of
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Figure 4.5. Active site density measured via SI-SECM as a function of catalyst potential for (a) rock salt
Ni0.8:Fe0.2, (b) crystalline IrOx, (c) Ni0.8Fe0.2OOH LDH, and (d) amorphous Ni0.8:Fe0.2.
ca. 25, assuming that there are ca. 20 metal atoms per nm2. This is in very good agreement with
our double layer capacitance measurements shown in Figure 4.3, where we measured a roughness
factor of 22.5 for IrOx, implying that SI-SECM gives accurate measurements of the total number
of active sites exposed to the electrolyte. Second, the rock salt Ni0.8:Fe0.2 oxide and the IrOx
have the same active site density and they were derived from the same synthesis method, which
suggests that the morphology of the oxide is a major contributing factor to the active site density.
Third, there is not good agreement between the double layer capacitance measurements and the
SI-SECM measurements for the Ni0.8:Fe0.2 oxide, which confirms that double layer capacitance is
not suitable for measuring the ECSA of nickel (oxy)hydroxide-based materials. However, SI-SECM
can measure the active site density as a function of potential, and it is a useful tool in obtaining
accurate electrochemical surface area results at potentials where catalysis is occurring.
The redox active site densities of the Ni0.8Fe0.2OOH LDH and amorphous Ni0.8:Fe0.2 were
determined to be 4500 and 9000 sites nm-2, respectively—ca. one order of magnitude higher than
that of either the rock salt Ni0.8:Fe0.2 oxide or the IrOx. Several additional conclusions can be
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made from this measurement. The LDH Ni0.8:Fe0.2 structure was fabricated by applying a simple
electrochemical conditioning step to the rock salt structure to ensure that the LDH structure had
the same morphology as both the IrOx and rock salt samples, but the LDH structure has ca. 10
times the active site density, as measured by SI-SECM. This shows that the electrolyte permeability
of Ni1-xFexOOH LDH allows for stable NiIV/FeIV to be formed on surfaces below the traditional
electrode/electrolyte interface. If the LDH structure was not permeable to the electrolyte, then
we should have observed the same active site density for the rock salt structure due to the similar
morphology between the samples. Our measurements show that these sub-surface NiIV/FeIV sites
can be e↵ectively titrated by Fe(II)-TEA (Scheme 4.6). While there are two possible pathways
for this to occur, we postulate that Ni0.8Fe0.2OOH LDH is permeable to water and hydroxide
ions but not permeable to the bulky Fe(II)-TEA species. This implies that electron/hole transport
between NiIV/FeIV species from the bulk of the LDH material to Fe(II)-TEA species at the solution
interface212 occurs due to the conductivity of LDH at OER potentials. The second possibility is
that Ni0.8Fe0.2OOH LDH is permeable to many dissolved species including the bulky Fe(III/II)-
TEA. In this case, electron transfer would occur at the subsurface layers and Fe(III/II)-TEA would
need to di↵use both into and out of the LDH structure. However, via our finite elemental analysis
simulations, we have evidence that Fe(II)-TEA does not permeate to the sub-surface layers. These
simulations allow us to calculate the ksr for each of the three materials, which we determined to
be 1⇥ 10 3, 2⇥ 10 3, and 1⇥ 10 3 m3 mol-1 s-1 for the IrOx, rock salt Ni0.8:Fe0.2 oxide, and
Ni0.8Fe0.2OOH LDH, respectively. If Fe(II)-TEA was indeed permeating into the LDH structure,
then we would have expected a much smaller ksr value due to the mass transfer e↵ects of di↵using
into and out of the LDH structure. In addition, our measurements show that this electrolyte
permeability phenomena does not occur in the rock salt structure of Ni0.8:Fe0.2 oxide. This gives
further credence to the notion that the electrolyte permeability of the Ni0.8Fe0.2OOH LDH is a
major cause of its increased electrocataltyic activity for the OER. It is still uncertain, however,
exactly how these sub-surface sites participate in the OER. We postulate two possible mechanisms.
One possibility is that the LDH structure is also permeable to dissolved O2—oxygen evolution
occurs on these sub-surface layers and O2 di↵uses through the interlayers to the surface.
234 The
second possibility is that O2 does not di↵use through the layers, and it is electron/hole hopping


















































Layered Double Hydroxide Rock Salt
Figure 4.6. Schematic depicting the Ni1-xFexOOH LDH structure (left) and the rock salt nickel-iron oxide
structure (right). The LDH structure allows water and hydroxide permeation to the interlayer, which can
create active NiIV/FeIV below the traditional electrode/electrolyte interface, while the LDH structure is not
permeable to Fe(II)-TEA. Active NiIV/FeIV sites are only created at the electrode/electrolyte interface on
the rock salt structure.
While catalysis on sub-surface layers appears to be enabled by the ability of oxyhydroxides to in-
corporate water into the interlayers,199,235,236 the amorphous Ni0.8:Fe0.2 structure also showed very
high active site densities. Given that the amorphous structure shows an anomalously high active
site density, we postulate that the amorphous structure, too, has some electrolyte permeability. In
addition, we measured a slower ksr, 1⇥ 10 4 m3 mol-1 s-1, on the amorphous structure compared to
the LDH structure, indicative of an additional mass transfer e↵ect during the Fe(II)-TEA titration
due to a higher degree of macroscopic porosity (also evident in the SEM, Figure 4.7).
Some further insights can be obtained from the potential-dependence of active site density shown
in Figure 4.5. The rock salt Ni0.8:Fe0.2 follows the potential-dependence of active site density found
by Bard and co-workers with an 80% Ni 20% Fe oxide material, where both materials begin the
NiIV/III, FeIV/III, and NiIII/II transitions near 0.4 V vs Ag/AgCl and attain a total active site
density of ca. 500 sites nm-2 at 0.5 V vs Ag/AgCl.212 The Ni0.8Fe0.2OOH LDH has a delayed
onset of increased active site density compared to the rock salt Ni0.8:Fe0.2, but the total active
site density of the Ni0.8Fe0.2OOH LDH is an order of magnitude higher than that of the rock salt
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Ni0.8:Fe0.2. This may suggest that the Ni0.8Fe0.2OOH LDH is undergoing an additional transition
to the ion permeable state from 0.4 to 0.5 V vs Ag/AgCl, allowing for the anomolously high active
site density. The amorphous Ni0.8:Fe0.2, however, has an onset at less positive potentials than the
Ni0.8Fe0.2OOH LDH. One could speculate that this is due to a combination of an early onset of the
NiIV/III, FeIV/III, and NiIII/II transitions and some transition to an ion permeable state. An overlap
of these two transitions may account for the gradual increase of active site density starting at low
oxidizing potentials. Thus, we attribute the increased performance of the amorphous structure to
the increased number of catalytic sites (twice as many as the LDH structure used in our study), as
well as the homogeneous dispersion, which allowed for only “fast” sites to exist instead of a mixture
of “fast” and “slow” sites, as our group previously reported.175
4.6 Conclusions
Here we report that SI-SECM can be used to obtain accurate active site densities of nickel (oxy)hydroxide-
based materials where ECSA measurements via double layer capacitance are unreliable. We also
measured very similar active site densities (500 sites nm-2) for the rock salt Ni0.8:Fe0.2 and IrOx
which were prepared via the same method and have the same morphology. This shows, as ex-
pected, that morphology dictates active site density. However, Ni0.8Fe0.2OOH LDH prepared from
rock salt Ni0.8:Fe0.2 had an active site density approximately one order of magnitude higher (4500
sites nm-2). This anomalously high active site density was attributed to the electrolyte permeability
of Ni0.8Fe0.2OOH LDH, which allows for water and OH
– ions to access sub-surface layers and the
formation of active NiIV/FeIV sites below the traditional electrode/electrolyte interface. In addi-
tion, our results strongly suggest that during OER electrocatalysis, electrolyte permeability allows
for active sites below the electrode/electrolyte interface to be utilized, but it is still unclear if O2 is
formed at these sites directly and di↵uses through the LDH layers, or if electron/hole transport is
responsible for forming O2 only at the surface. In any event, the sub-surface layers are crucial in
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4.8 Supporting Information
4.8.1 Materials and Methods
Chemicals
Ethylene glycol (99.8%, anhydrous, Sigma Aldrich), iridium(III) chloride (99.99%, Alfa Aesar),
iron(III) nitrate nonahydrate (98%+, ACS Reagent, Acros), iron(III) sulfate hydrate (Reagent
Grade, Alfa Aesar), nickel(II) nitrate hexahydrate (99%, Fisher Scientific), potassium hydroxide
(85%, Acros Organics), sodium bicarbonate (Fisher Scientific), sodium hydroxide (>97%, Fisher




The Fe(III)-TEA solution was prepared following a previously reported procedure.175,204 Briefly, 3.2
g of NaOH was added to 10 mL of deionized water in a stirred beaker cooled by a room temperature
water bath. In a round-bottom flask, 20 mL of deionized water was bubbled with argon while
stirring. After 5 minutes, 214.4 mg of Fe2(SO4)3 · xH2O was added to the round-bottom flask,
and 104 µL of triethanolamine (TEA) was added dropwise to the round-bottom flask. The NaOH
solution was added dropwise to the Fe(III) + ligand solution before adding deionized water to bring
the total volume to 40 mL.
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Ni0.8:Fe0.2 Catalysts
Rock Salt and LDH: Thin films of crystalline Ni0.8:Fe0.2 were made according to a previously
reported procedure.175,206 A 0.02 M Ni(NO3)2 · 6H2O ethylene glycol solution was mixed with a
0.02 M Fe(NO3)3 · 9H2O ethylene glycol solution at an 8:2 ratio, dropcast on fluorine-doped tin
oxide (FTO) coated glass (Sigma-Aldrich), and annealed to create the rock salt Ni0.8:Fe0.2 structure
at a mass loading of 120 ± 20 µg cm-2. The rock salt was electrochemically conditioned by applying
an oxidation current of ca. 10 mA cm-2 for 1 hour to form the Ni0.8Fe0.2OOH LDH structure, as
described previously.215 Crystalline IrOx was prepared following the same procedure for rock salt
Ni0.8:Fe0.2, substituting the nickel and iron nitrate precursors for 0.02 M IrCl3 in ethylene glycol.
Amorphous: The microwave-assisted synthesis of amorphous Ni0.8:Fe0.2 was reported previ-
ously.175 Briefly, 4 mmol of Fe(NO3)3 · 9H2O and 16 mmol of NiNO3 · 6H2O were dissolved in 100
mL of 18.2 M⌦ water in an Erlenmeyer flask. A separate solution was made by dissolving 1.99 g
NaHCO3 in 100 mL of 18.2 M⌦ water. The Ni-Fe solution was titrated with the NaHCO3 solution
at ca. 2.5 - 3 mL min-1 while rapidly stirring. The resulting deep red suspension was allowed to
stir for one hour after titration. Finally, the suspension was transferred to Nalgene bottles and
microwaved for ca. two minutes. The suspensions were dropcast on FTO-coated glass and dried
at 70  C to create amorphous Ni0.8:Fe0.2 electrodes with a mass loading of 60 ± 20 µg cm-2.
4.8.2 Electrode Fabrication
Masked Substrate
The catalyst sample dropcast on FTO glass was masked to create a pseudo-ultramicroelectrode
substrate for the surface interrogation mode of scanning electrochemical microscopy (SI-SECM).
The general masking procedure was reported previously.175 Briefly, three holes were drilled, 500
µm apart in a line, in the center of a 2 cm x 2 cm square of Teflon FEP Film (50A, American
Durafilm) with a 100 µm diameter drill bit (One Piece, Drill Bits Unlimited) in a CNC mill. The
FEP film mask was placed over the catalyst sample dropcast on FTO glass, centering the three
holes. The FEP film mask was heat-bonded to the substrate by placing in the furnace above 271
 C for 30 minutes.
109
Glassy Carbon Ultramicroelectrode
The fabrication of the glassy carbon (GC) ultramicroelectrode utilized as the SECM tip was re-
ported previously.175,212 A 1 cm GC rod (type 2, 1 mm diameter, Alfa Aesar) was electrochemically
etched, one end at a time, in 4 M KOH with a graphite counter electrode by applying 5 V for 500
s. The etching process was repeated, lowering the etch time as needed, until a sharp GC needle
formed. Acetone and deionized water were used to rinse the GC needle before allowing it to dry
completely. One end of a borosilicate glass capillary (1 mm O.D., 0.5 mm I.D., Sutter Instruments,
USA) was filled with conductive silver epoxy (Circuit Works, USA) and the etched GC needle,
with one end coated in silver epoxy, was inserted. A silver connection wire (30 AWG, Belden,
USA) coated with conductive silver epoxy (Circuit Works, USA) was inserted into the other end
of the borosilicate glass capillary and pushed against the GC needle inside the capillary to ensure
good electrical contact. The silver epoxy in the electrode was dried at 120  C for 30 minutes.
Epoxy (1C&EPKC, Loctite Hysol) was used to completely coat the GC tip, and the epoxy coated
electrode was dried in the oven at 120  C with the GC tip pointing up. Every 20 s, the epoxy was
recoated/remolded to achieve a su cient epoxy coat with the desired shape, and the epoxy was
allowed to fully cure. The tip of the epoxy coated electrode was polished with MicroCloth polishing
disks (Beuhler, Canada) until a GC disc was visible. A MicroCloth polishing disc was also used to
sharpen the electrode tip to adjust the RG. The GC disc was polished with alumina micropolish
(1 µm, Beuhler, Canada) to render a smooth surface for experimentation.
4.8.3 Electrochemical Characterization
The catalyst coated FTO electrodes were characterized via cyclic voltammetry (CV) in 1 M NaOH
in a custom Teflon cell with a Ag/AgCl reference electrode with porous Teflon tip (CH Instruments)
and a 200 µm Pt wire (Electron Microscopy Instruments) as the counter electrode. The FTO glass
working electrodes were 0.49 cm2. All CV data was obtained via a CH Instruments (Austin, TX)
potentiostat.
The instrumentation for the surface interrogation SECM (SI-SECM) experiments was described
previously.207 The 2 M NaOH ca. 50 mM Fe(III)-TEA (E0 = -1.05 V vs. Ag/AgCl in 2 M NaOH)
solution was bubbled with argon for 10 minutes prior to each SECM experiment. Experiments on
110
the masked catalyst coated FTO glass samples were performed in a custom Teflon cell with the
catalyst coated FTO glass substrate as the working electrode, a Ag/AgCl electrode with porous
Teflon tip (CH Instruments) as the reference electrode, and a 200 µm Pt wire (Electron Microscopy
Instruments) as the counter electrode. The SECM tip, a glassy carbon (GC) ultramicroelectrode,
a = 29 µm, was held at -1.2 V vs Ag/AgCl while it was approached to an insulating portion of the
masked substrate until a current enhancement of 0.3 was reached (Figure 4.9). Electrochemical
reactivity maps, ranging in size from 500 – 1400 µm x 500 – 1400 µm, were performed, with step
sizes ranging from 25 – 50 µm and sample intervals ranging from 2 - 4 s, until the hole was located
(Figure 4.10). The GC tip was aligned with the hole and re-approached to position the tip in close
proximity to the substrate. For the surface interrogation experiment, a potential step with a 20 s
duration was performed on the catalyst with potentials ranging between 0 – 0.675 V vs Ag/AgCl.
Immediately following, the substrate was brought to open circuit and a potential step was applied
to the GC tip electrode at -1.2 V vs Ag/AgCl with pulse width of 180 s. All finite element analysis
simulations were performed with COMSOL Multiphysics v. 5.2.
4.8.4 Details on COMSOL Multiphysics Simulations
COMSOL (COMSOL Multiphysics v. 5.2) simulations were performed to obtain the active site
density of the catalysts,  , and the kinetic rate constant of the surface reaction. The COMSOL
geometry and mesh for simulation of surface interrogation scanning electrochemical microscopy
(SI-SECM) on a masked substrate were described previously.175 Briefly, a 2D axial-symmetric
domain was created to simulate the actual size of our SECM tip electrode, the size and thickness
of the masked catalyst electrode, and the tip/substrate distance as shown in Figure 4.14a. The
roughness of the substrate electrode is incorporated into the experimental tip current via feedback
from the substrate during the approach curve (Figure 4.9), allowing for the use of the calculated
tip/substrate distance with a flat substrate to simulate the SI-SECM experiment. Di↵erent edge
meshes with a maximum element size of 0.5 µm and a minimum element size of 0.05 µm were used
for the SECM tip boundary and the boundary on the catalyst electrode extending partially along
the FEP mask. A free triangular mesh with COMSOL’s built-in “fine” element size, calibrated for
fluid dynamics, was used for the simulation.
The SECM tip current in the surface interrogation experiment was simulated via the COMSOL
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Electroanalysis module. This module obtains the concentration of the oxidized and reduced species
in solution and the current on the electro-active boundary as a function of applied potential by
coupling the Butler-Volmer Equation with Fick’s Law of Di↵usion. We assumed an electron-transfer
rate constant of 1 cm s-1 and a transfer coe cient of ↵ = 0.5 for the reduction of Fe(III)-TEA to
Fe(II)-TEA because it is a fast outer-sphere, one electron transfer reaction. The di↵usion coe cient
for both Fe(III)-TEA and Fe(II)-TEA was previously reported as 2⇥ 10 6 cm2 s-1.204 The exact
tip potential used in our experiment was used in our simulations. The tip/substrate distance was
determined by fitting the experimental negative feedback current with simulations. The COMSOL
Surface Reactions physics in the Chemical Reaction Engineering Module was used to model the
reaction of the Fe(II)-TEA with the surface-active species. The rate of titration of the surface-active
species was as shown in Equation 4.3.
rsr =  ksrCFeII ,0CS⇤ (4.3)
where ksr is the kinetic rate constant of the surface titration, CFeII,0 is the concentration of Fe(II)-
TEA at the catalyst surface, and CS* is the surface concentration of active sites. To account for
Fe(II)-TEA converting back to Fe(III)-TEA after the titration step, a flux boundary condition in
the Electroanalysis physics was used at the catalyst surface. The inward flux of both Fe(II)-TEA,
NFeII , and Fe(III)-TEA, NFeIII , are shown in Equations 4.4 and 4.5.
NFeII =  ksrCFeII ,0CS⇤ (4.4)
NFeIII = ksrCFeII ,0CS⇤ (4.5)
In order to quantify the active site density, the COMSOL simulation was performed with dif-
ferent initial surface concentrations of active sites, S*. Increasing the initial active site density
concentration would increase the positive feedback measured on the tip electrode as shown in the
main paper. We determined ksr to be 2⇥ 10 3, 1⇥ 10 3, 1⇥ 10 3, and 1⇥ 10 4 m3 mol-1 s-1 for
the rock salt Ni0.8:Fe0.2, crystalline IrOx, Ni0.8Fe0.2OOH LDH, and amorphous Ni0.8:Fe0.2 samples,
respectively. Active site densities as a function of potential were found by performing a least-squares
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analysis between the experimental and simulated data. Figure 4.14c-d is an example COMSOL
simulation for Ni0.8Fe0.2OOH LDH showing the concentration of Fe(II)-TEA at 0.2 s, 0.8 s, and 25
s.
4.8.5 Supporting Figures
Figure 4.7. Scanning electron microscopy (SEM) images of (a) Ni0.8Fe0.2OOH LDH and (b) amorphous
Ni0.8:Fe0.2.
Figure 4.8. X-ray di↵raction (XRD) pattern of rock salt Ni0.8:Fe0.2 oxide.
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Figure 4.9. Scanning electrochemical microscopy negative feedback approach curves for imaging and surface
interrogation (SI-SECM). Negative feedback approach curves for SI-SECM experiments with glassy carbon
ultramicroelectrode tip and masked (a) rock salt Ni0.8:Fe0.2, (b) crystalline IrOx, (c) Ni0.8Fe0.2OOH LDH ,
and (d) amorphous Ni0.8:Fe0.2 on FTO glass substrate.
Figure 4.10. Example of an electrochemical imaging map for surface interrogation scanning electrochemical
microscopy (SI-SECM). Map of the hole in the mask on amorphous Ni0.8:Fe0.2 on FTO glass substrate
obtained using a glassy carbon ultramicroelectrode tip with Fe(III)/Fe(II)-TEA redox couple. Red represents
high reduction current, indicative of the location of the hole in the mask, and blue represents low reduction
current. The values reported in the legend are in units of amperes.
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Figure 4.11. Surface interrogation chronoamperograms performed in 2 M NaOH ca. 50 mM Fe(III)-TEA.
(a,c) Experimental chronoamperograms and (b,d) COMSOL simulated chronoamperograms showing positive
feedback at elevated potentials of crystalline IrOx and amorphous Ni0.8:Fe0.2 on FTO glass.
Figure 4.12. Comparison of experimental (solid lines) and COMSOL simulated (dashed lines) surface inter-
rogation chronoamperograms for (a) Ni0.8Fe0.2OOH LDH, (b) rock salt Ni0.8:Fe0.2, (c) amorphous Ni0.8:Fe0.2,
and (d) crystalline IrOx on FTO glass.
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Figure 4.13. COMSOL simulated surface interrogation chronoamperograms (CAs) of rock salt Ni0.8:Fe0.2
showing the negative feedback and positive feedback boundaries. The negative feedback boundary is con-
sistent with the CA for 0 sites nm-2, and the positive feedback boundary is outside the range of the surface
interrogation CAs.
Figure 4.14. Example COMSOL simulation for surface interrogation scanning electrochemical microscopy
(SI-SECM) on Ni0.8Fe0.2OOH LDH showing the (a) geometry constructed for the COMSOL simulation, and
the concentration profiles for the Fe(III)/Fe(II)-TEA redox couple at (b) 0.2 s, (c) 0.8 s, and (d) 25 s after
bringing the catalyst to open circuit potential.
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4.9 Appendix
A material suitable for masking the catalyst substrate must be an insulator, prevent electrolyte
leakage over the course of the experiment (8-12 hours), and withstand the 2 M NaOH solution
in which the surface interrogation scanning electrochemical microscopy (SI-SECM) experiment
was performed. Teflon polytetrafluoroethylene (PTFE) tape was the initial choice for masking.
Several tools for punching a ca. 100 µm hole in the PTFE tape were used, including a 26 gauge
needle, a razor blade, and a quartz glass capillary pulled to a sharp point. The pulled capillary,
which consistently yielded the smallest holes compared to the other tools, was made from a 0.30
mm ID x 1 mm OD quartz capillary in a Model P-2000 with the settings: H=850, F=1, V=50,
D=100, and P=175. The PTFE tape was stretched in both directions, and stretched again after
punching a small hole in the tape. Wearing gloves, the mask was pressed down onto the electrode
surface. To determine the approximate size of the hole, cyclic voltammetry was performed on
the masked electrode in a 0.5 mM ferrocenemethanol 0.1 M NaNO3 solution. In many cases,
only a linear current-potential relationship was observed, attributed to the hydrophobicity of the
PTFE preventing the aqueous electrolyte from going into the small hole and causing resistive
current. Although SECM was successfully performed on a PTFE masked substrate electrode, the
reproducibility of the PTFE mask was quite poor—a robust mask was needed.
Poly(methyl methacrylate) (PMMA) was investigated as an alternative to the PTFE mask. A
drop of glycol from a 100 µm pipette tip in an ultrasonic printer was used to maintain a void in
the PMMA film, which was applied to the substrate electrode by pipetting a PMMA-saturated
tetrachloroethylene solution. The PMMA-masked electrode was heated at 100  C for one hour and
allowed to cure overnight. 1, 3, and 4 coats of PMMA were tried, and in all cases the electrolyte
seeped underneath the edges of the PMMA during cyclic voltammetry.
Parafilm masking was also performed using a technique similar to the PTFE masking technique.
A parafilm square was stretched very thin and a pulled glass capillary, oriented vertically in a clamp,
was used to punch a hole. The parafilm mask was then pushed over the substrate electrode using
the wax paper on the back of pre-packaged parafilm. In addition, a heat gun was used to seal the
parafilm to the electrode and remove any air bubbles. The parafilm mask, however, was not able
to prevent electrolyte leakage over the whole duration of the SECM experiments.
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Kapton FN film, 25.4 µm thick, with one side coated with Teflon fluorinated ethylene propylene
(FEP) was investigated next. The concept was that a heat gun or oven could be used to heat bond
the FEP side of the film to the substrate electrode. However, the Kapton film was too rigid to allow
su cient contact between the FEP and the substrate electrode without compression. Compression
by a metal clamp allowed for heat bonding in the oven, but this method was impractical for catalyst
coated electrodes.
Finally, Teflon FEP 12.7 µm film was employed for masking. Micro-drill bits were used to drill
the hole(s) in the film as described in 3.6.1 and 4.7.2. At any temperature above the melting point
of the FEP film, 271  C, oven heating provided ample adhesion between the film and the substrate
electrode. Crystalline catalyst-coated substrate electrodes were suitable for masking while less
uniform coatings would often introduce new holes into the mask during the heat bonding process.
For samples with less uniform coatings (i.e. nanoamorphous Ni0.8:Fe0.2 oxide), the bare FTO glass




Microscopy Tip and Substrate
Control Utilizing Fuzzy Logic
5.1 Abstract
In this paper, we present a technique to intelligently control the motion of Scanning Electrochemical
Microscopy (SECM) tip electrodes and automatically align SECM tip electrodes to the substrate
with no user interaction. This intelligent method utilizes a custom fuzzy logic algorithm to control
the motion of the tip electrode and automate tip/substrate alignment. The fuzzy logic control
algorithm rapidly obtains SECM approach curves via a variable speed approach and automatically
stops the tip electrode at a preprogrammed tip/substrate distance without “crashing” the tip
electrode into the substrate. The fuzzy logic algorithm automatically adjusts the speed of the
electrode based on the tip size, the enhancement of the tip current, and the distance that the tip
electrode is from a user defined setpoint. We validated that both positive feedback and negative
feedback approach curves obtained using the fuzzy logic algorithm matched well with simulated
approach curves for both large microelectrodes (sometimes used for Surface-Interrogation SECM,
a = 175 mm) and for conventional SECM ultramicroelectrodes (a = 4.2 mm). The ability to
automatically stop the tip electrode is crucial for the automated sample tilt adjustment protocol.
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This ability allows us to automate the interactive process of (1) approaching the tip to the substrate,
(2) scanning the tip across the substrate to measure the tip/substrate tilt, (3) correcting for the
tip/substrate tilt. We demonstrated that this tip/substrate alignment protocol allows us to obtain
highly resolved constant-height SECM images over large areas with ease.
5.2 Introduction
Scanning Electrochemical Microscopy (SECM) is an electro- chemical scanning probe technique
that is frequently used to study homogeneous237–239 and heterogeneous98,240,241 reaction mech-
anisms, biological systems242–246, electrocatalysts247,248, semi-conductor surfaces145,249, reaction
intermediates130–133,250–252, and topographical and reactivity imaging100,253–255, among many oth-
ers114,256–266. There are two main challenges that the SECM operator typically faces when perform-
ing SECM experiments: (1) Approaching the SECM tip electrode su ciently close to the substrate
of interest without “crashing” the tip into the substrate. (2) Obtaining precise tip/substrate align-
ment.
It is critical that the SECM tip electrode is in very close proximity (less than one tip radius)
to the substrate for all modes of SECM258. For example, in positive feedback mode, a small
tip/substrate distance increases mass transfer to the tip electrode so that fast kinetics can be
measured accurately257. Small tip substrate distances also allow for interrogating surface adsorbed
intermediates of catalytic reactions131. However, if the SECM tip is not stopped at just the right
moment during the approach, the tip electrode can “crash” into the substrate causing damage to
both electrodes.
With SECM, it is also imperative to have the tip and substrate highly aligned (i.e., the substrate
cannot be tilted relative to the tip). If the tip electrode and substrate electrode do not have excellent
alignment during the approach, small tip/substrate distances cannot be obtained because the glass
sheath surrounding the tip electrode will contact the substrate before the needed tip/substrate
distance is reached.
Tip/substrate alignment is even more important when obtaining chemical reactivity images.
The chemical-reactivity imaging mode of SECM is able to measure areas of higher chemical ac-
tivity on a surface. However, obtaining high quality chemical reactivity images over large areas is
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challenging because the tip current not only depends on the electroactivity of the substrate, but it
is also dependent on the tip/substrate distance. Thus, poorly aligned samples will show spots with
either artificially high or low electroactivity simply due to poor substrate alignment257. In addition,
performing tip/substrate alignment with SECM can be time intensive and can prove challenging
when the substrate tilt is adjusted manually. This is because numerous iterations are required to
align the tip and the substrate, and manual setscrews, which are typically used to adjust the sample
stage, are di cult to adjust for fine tip/substrate adjustment.
One method to circumvent poor tip/substrate alignment during imaging is to use the constant-
current imaging mode267–271. In the constant-current imaging mode, the SECM experiment is
operated with an outer-sphere redox mediator (such as ferrocenemethanol) in solution. In this
mode, one is able to measure the morphology of a conductive electrode because the SECM tip is
placed within the feedback distance, i.e. a tip/substrate distance that produces an enhancement
of the tip current. Since the current of the SECM tip is controlled by the tip/substrate distance,
if the instrument continually adjusts the height of the SECM tip in order to maintain a constant
current throughout the experiment, the morphology of the substrate can be mapped by measuring
the changes in the tip height as the tip is scanned across the substrate of interest. However, the
drawback of the constant-current imaging mode is that it cannot be used to measure electrochemical
activity; it can only be used to obtain morphological information. In addition, hybrid techniques
also exist where the tip distance can be controlled independent of the electrochemical measurement
(e.g. SECM-AFM272–275, SECM-SICM246,276, and Shear Force SECM277,278). However, simple yet
intelligent control of SECM tip electrodes are still needed, and would complement both traditional
and hybrid SECM techniques.
In this manuscript, we present a new computer algorithm and motion control system that
provides intelligent control for approaching SECM tips to the substrate, and automatically corrects
any tip/substrate tilt. To do this, we developed a fuzzy logic control algorithm, which varies the
speed of the tip electrode depending on the electrode size and the tip/substrate distance. More
importantly, the algorithm stops the tip electrode once a pre-programmed setpoint has been reached
to avoid crashing the tip into the substrate. The ability to automatically stop the tip allows us
to automate the iterative alignment process and achieve precise tip/substrate alignment without
any user interaction. In addition, the fuzzy logic algorithm is able to obtain approach curves
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faster than traditional constant-speed approach curves. The approach curves are faster because
the algorithm approaches the tip at greater speeds when the tip is far from the substrate, and
then automatically slows the electrode when small tip/substrate distances are obtained. Also,
this technique automatically alternates between using coarse and fine motion controllers depending
on the tip/substrate distance. Here we demonstrate the functionality of this fuzzy logic control
algorithm to approach both large and conventional UMEs under both positive feedback and negative
feedback131,257,279,280. We also demonstrate an automated tilt adjustment algorithm, which utilizes




All solutions were prepared with deionized Milli-Q water, and the chemicals purchased from the
following were used as received: ferrocenemethanol (FcMeOH, 97%) from Sigma-Aldrich, sodium
nitrate (NaNO3, 99%) from Fisher Scientific, (dimethylaminomethyl) ferrocene (DMAMFc, 98+%)
from Alfa Aesar, N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD) hydrochloride from Cayman
Chemical Company, and perchloric acid (HClO4, ACS Reagent, ca. 70% solution in water) from
Acros Organics.
5.3.2 SECM Instrumentation
All SECM experiments were performed with our custom-built SECM (Fig. 5.14 and 5.15. For
the motion control, two separate systems are utilized to achieve both coarse and fine control. The
coarse substrate control is performed with a Newport VP-25XL-XYZ, which moves the substrate
electrode into close proximity of the SECM tip. This stage is able to move in the X, Y, and Z
directions and has a total range of 25 mm with a minimum increment motion of 10 nm in each
direction. This coarse control allows us to position the SECM tip close to the substrate before
engaging the fine nanopositioner control. For the fine tip control, we use a highly- precise 3-axis
piezo controller (Newport NPXYZ100SG-D) with a feedback system to eliminate any hysteresis in
the piezo control. This nanopositioner is able to move in the X, Y, and Z directions and has a
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travel range of 100 mm and a resolution of 0.4 nm. The tilt adjustment was performed using a
Newport Series 37 tilt stage along with 2 tilt stage motors (Newport LTA-HS). The entire system,
including the bi-potentiostat (CH Instruments 730E), is computer-controlled using custom software
built with LabVIEW. The custom LabVIEW software is capable of performing cyclic voltammetry,
chronoamperometry, amperometric i-t, linear approach curves, fuzzy logic-based approach curves,
tilt adjustments, and electrochemical reactivity mapping. The custom LabVIEW software is also
able to automate many SECM routines by allowing the user to set up a series of experiments to be
carried out sequentially.
5.3.3 Fuzzy Logic Algorithm
The fuzzy logic algorithm was built using National Instruments’ (Austin, TX) LabVIEW Fuzzy
System Designer toolkit. This toolkit allows the programmer to create linguistic variables, lin-
guistic terms, membership functions and rule base via a graphical user interface (GUI) (details
provided in Supplementary Materials). We used three linguistic variables for the inputs and one
linguistic variable for the output. The input linguistic variables were tip size (i.e. radius of the tip),
enhancement factor (i.e. the ratio of the tip current to the tip current at infinite distance from the
substrate), and setpoint di↵erence (i.e. the di↵erence between the measured enhancement factor
and the user-entered enhancement factor at which to stop the SECM tip electrode). The output
linguistic variable was step size (i.e. the size of the step to move the SECM tip electrode towards
the substrate). The output variable, step size, is directly related to the speed of the approach curve
because this process is repeated in a continuous loop with a specified loop duration.
5.3.4 Electrode Fabrication
Details on all electrode fabrication are provided in Supplementary Materials. Briefly, a borosilicate
glass capillary (1 mm O.D., 0.5 mm I.D., Sutter Instruments, USA) and 10 mm Pt-wire (0.01 mm,
99.9% Pure, Hard, Goodfellow, Cambridge, England) were rinsed with deionized water and allowed
to air dry. A small section of Pt- wire ( 3 cm) was threaded and centered into the quartz capillary.
The capillary-wire assembly was secured to a laser puller (Model P-2000, Sutter Instruments, USA).
The UME fabrication procedure required three steps: stretching, sealing, and pulling. To stretch
and thin the capillary, a four-line program was run (Heat: 300, Filament: 4, Velocity: 14, Delay:
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120, Pull: 0) followed by a single-line break (Heat: 0, Filament: 4, Velocity: 14, Delay: 120, Pull:
0). Without removing the assembly, the sealing step was performed by blocking the slight pulling
force (at Pull: 0) with razor blades placed between the bearing and the capillary clamp on each
side of the puller. A single line program (Heat: 320, Filament: 4, Velocity: 12, Delay: 120, Pull:
0) was manually run and repeated eight times at intervals of five seconds. To pull the electrodes,
the razor blades were removed and the sealing program was allowed to run automatically, with one
heating cycle followed by a clean split ( 0.6 seconds to complete) resulting in two sealed UMEs of
approximately equal size. The UMEs were polished on a MicroCloth disk (Beuhler, Canada) with
alumina micropolish (0.05 mm, Beuhler, Canada) in a slight side-to-side movement, ensuring no
pressure was applied on the tip.
5.3.5 Printing “KU” Slide
The gold “KU” was printed on a glass microscope slide (Fisher Scientific). An acid bath of 10%
perchloric acid was used to clean the surfaces of the slides overnight. The gold “KU” was printed
with ink made from bright brushing gold (Alfa Aesar) diluted with tetrachloroethylene in a 5:4
ratio (BBG:TCE). The printing was performed by a Sonoplot GIX Microplotter Desktop printer,
utilizing piezoelectric dispensing to pump the ink onto the slide. To create the design of the “KU,”
Sonoplot SonoDraw software was used. Once the “KU” was printed, the ink was fired in a vented
box furnace (Barnstead Thermolyne 48000) at 525  C for an 8 hour dwell following a 1 C/min
ramp rate to set the gold.
5.4 Results and Discussion
5.4.1 Control Algorithm
While many control mechanisms have been utilized for motion control (e.g. PID)281, we utilized a
fuzzy logic algorithm because it is highly e cient and an easy-to-implement control strategy. With
fuzzy logic, one describes the control strategy qualitatively (as opposed to numerically), and the
controller uses a rule base, which is a series of “if . . . then” statements, to determine the output
of the controller. To create a fuzzy logic control strategy, one needs to define linguistic variables,
linguistic terms, and membership functions for the inputs (tip size, tip current, and setpoint) and
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output (tip speed), as well as the rule-based linguistic control strategy. As opposed to Boolean
logic where events are in either one set or another, fuzzy logic allows for events to have partial
membership in multiple sets281. Thus, one single algorithm can be used for any size electrode and
under both positive and negative feedback.
Figure 5.1. (A) SECM fuzzy logic process flow chart detailing the membership functions controlling each
input and output parameter (tip size, present enhancement factor (Fig. 5.6), setpoint di↵erence). (B-D) The
resulting tip velocity plots for both positive and negative feedback generated from the fuzzy logic algorithm
as a function of the enhancement factor and setpoint for three di↵erent tip sizes.
Each of the input and output linguistic variables has distinct linguistic terms (e.g., extra-small,
small, medium, large, and extra-large). Each of these linguistic terms is defined using membership
functions (Fig. 5.1A), which represent the degree of membership that each of the linguistic variables
has with its corresponding linguistic terms. For example, from the Tip Size Fuzzy Logic Plot in
Fig. 5.1A, a tip size of 10 mm would have a 40% membership in “Medium Tip Size” and a 60%
membership in “Small Tip Size.”
We chose three inputs for our fuzzy logic control strategy to control the speed of the tip ap-
proaching the substrate. The first input variable was tip size, which has five possible memberships,
extra-small, small, medium, large, and extra-large. On average, the larger the tip size, the faster
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the speed of the approach curves. The second input was enhancement factor, which is defined as
the tip current divided by the tip current at infinite distance from the substrate. The enhancement
factor linguistic variable has nine possible memberships (Fig. 5.6) covering large and small tip
substrate distances for both positive and negative feedback. On average, when the tip/substrate
distance is small (i.e., the enhancement factor is large) the speed of the approach is slow, and when
the tip/substrate distance is large the speed of the approach is fast. The third linguistic term is
setpoint di↵erence, which is defined as the di↵erence in the enhancement factor compared to a
desired enhancement factor set by the user. As with the enhancement factor, when the set-point
di↵erence is large, the approach speed is fast, when the set-point di↵erence is small, the approach
speed is slow, and when the set-point di↵erence is zero the tip stops.
The implementation of the control algorithm is described in Fig. 5.1A. First, the algorithm takes
the three input linguistic variables and assigns them membership to one or more linguistic terms
(e.g. extra-small, small, medium, large, extra-large) based on the membership functions. Once
each of the input linguistic variables is assigned membership, the step size output is determined
via the “if . . . then” rule base shown in Table 5.5. The rule base was created via a trial and
error method. We found that the best way to stop the tip electrode at the user-entered setpoint
was to weight the rules where the set-point di↵erence was extra-small more heavily. We also found
that weighting the rules where the tip approaches the slowest more heavily gave us better control
of the tip. Thus, rules where the tip size is extra-small, setpoint di↵erence is extra-small, or the
enhancement factor is extra-large are weighted more than the other rules.
The final output of the fuzzy logic algorithm gives the velocity of the SECM tip based on the
three input variables, as shown by the flow chart in Fig. 1A. Fig. 1B-D show the tip velocity as
calculated from our fuzzy logic algorithm under both positive and negative feedback as a function
of the enhancement factor and setpoint for three di↵erent tip sizes. These three figures illustrate
that the tip velocity decreases with (1) decreasing tip size, (2) increasing enhancement factor,
and (3) decreasing di↵erence between the setpoint and the enhancement factor. The fuzzy logic
algorithm stops the tip when the enhancement factor equals the setpoint and reverses the tip if the
enhancement factor exceeds the setpoint.
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5.4.2 SECM Approach Curves
To demonstrate how well the fuzzy logic algorithm generates approach curves, Fig. 5.2 compares
positive feedback approach curves using the conventional “constant-speed” method with the fuzzy
logic algorithm for a 4.2 mm diameter electrode in a 0.5 mM ferrocenemethanol solution (with 0.1
M NaNO3 supporting electrolyte) with a 2mm diameter Pt substrate electrode. Fig. 2A shows the
tip current versus tip/substrate distance for the constant-speed approach, the fuzzy logic approach,
a simulated approach using COMSOL, and a theory-based approach curve (Eq. (S1)). Both the
constant-speed approach curve and the fuzzy logic approach curve fit the simulated and theoretical
approach curves very well. We obtained a tip/substrate distance of 700 nm (enhancement factor of
2.8) with the constant-speed method, and by utilizing the fuzzy logic algorithm we obtained a closer
tip/substrate distance of 580nm (enhancement factor of 3.5). Fig. 2B shows the tip displacement
and tip speed as a function of time for the fuzzy logic approach curve and the constant-speed
approach curve. By utilizing the fuzzy logic control algorithm, the user has more control, precision,
and adaptability as compared to the conventional constant-speed approach. In these experiments,
the fuzzy logic algorithm was able to complete the approach curve ca. 3 times faster because it is
able to approach faster at larger tip/substrate distances and automatically slow down and stop once
a desired tip/ substrate distance is achieved. In addition to being faster, the fuzzy-logic algorithm
can automatically stop the tip electrode at small tip/substrate distances without crashing the tip
into the substrate.
We also demonstrate that our fuzzy-logic algorithm can be used for many di↵erent SECM modes
as described in Supplementary Materials. We are also able to utilize the same fuzzy logic algorithm
to obtain negative feedback approach curves as demonstrated in Fig. 5.7a, which shows a 4.2 mm
diameter UME reaching a tip/substrate distance of 580 nm under negative feedback conditions.
The fuzzy logic algorithm also produced a positive feedback approach curve to an enhancement
factor of 10 with a larger 175mm electrode (Fig. 5.9c), typically used for Surface Interrogation
SECM. We used our fuzzy logic algorithm to approach surfaces so that substrate generation/tip
collection (SG/TC) could be performed both on masked substrates (Fig. 5.10b), and for “tip-to-
tip” measurements (Fig. 5.10c). For these SG/TC SECM experiments, we employed the hydrogen
evolution reaction on Pt as a model system. We masked a 2 mm diameter Pt substrate with a Teflon
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Figure 5.2. (A) SECM approach curves using the fuzzy logic algorithm with a 4.2 mm Pt tip electrode
(RG = 10) at +0.4 V vs Ag/AgCl and a 2 mm Pt substrate electrode at +0.05 V vs Ag/AgCl in 0.5
mM FcMeOH along with the corresponding constant- speed approach curve, COMSOL simulation, and
theoretical calculation. (B) Tip displacement and tip speed for the fuzzy logic and constant-speed approach
curves.
film possessing a 200 mm hole. After approaching a 200 mm Pt tip electrode to the substrate (Fig.
5.10b), we obtained both low- resolution and high-resolution electrochemical reactivity maps (Fig.
5.11a-b) to locate the hole in the Teflon mask. After aligning the tip electrode over the hole in the
mask, we performed SG/TC using the FcMeOH/FcMeOH+ redox couple (Fig. 5.11c) followed by
a SG/TC experiment where the substrate generation was via the proton reduction reaction and the
tip collection was via the hydrogen oxidation reaction (Fig. 5.11d). We also performed analogous
SG/TC experiments where both the tip and the substrate were 200 mm Pt electrodes (Fig. 5.12).
We also demonstrate that we can use our algorithm to approach a 200 mm Au microelectrode to a
200 mm Pt microelectrode (Fig. 5.10d) to perform surface-interrogation (SI) of adsorbed hydrogen
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on the Pt electrode (Fig. 5.13). We are also able to generate electrochemical reactivity maps (Fig.
5.11a-b, 5.12a, 5.13a) and cyclic measurements (Fig. 5.7c, 5.8d, 5.9d) using our custom LabVIEW
software after the tip is in close proximity to the substrate.
5.4.3 Automated SECM Tip/Substrate Alignment
We utilized our fuzzy-logic control algorithm, which has the advantage of automatically stopping
the electrode at a specified enhancement factor, to create an automated tip/substrate alignment
protocol. Our SECM tip/substrate alignment protocol is completely automated and requires no
user interaction once the user starts the sequence. In the first step in the alignment protocol, the
SECM tip approaches the substrate and automatically stops at a pre-programmed enhancement
factor. The protocol then scans the tip electrode in either the x or y direction across the substrate
and records the current versus position. Since the current is directly related to the tip/substrate
distance, scanning across the surface reveals the substrate tilt. Our algorithm automatically calcu-
lates the slope of the regression of the experimental data, and then adjusts the substrate tilt based
on the slope by moving the tilt adjustment actuators. The tip electrode is then returned to the
original position, and the process repeats until the substrate tilt is removed in both the x and y
directions. Fig. 5.3 shows the results for correcting the substrate tilt in both the x direction (Fig.
5.3A) and the y direction (Fig. 5.3B). The algorithm repeated the process seven times to correct
the tilt in the x direction and five times to correct the tilt in the y direction.
We also demonstrate how the intelligent tip/substrate alignment protocol can dramatically
improve the quality of constant- height SECM images. The automated tilt adjust was performed
on a glass slide on which we printed the letters “KU” in gold using an ultrasonic printer (see
Supplementary Materials). The tip electrode was a 200 mm Pt tip electrode at +0.4 V vs Ag/AgCl
in 0.5 mM FcMeOH. The scans shown in Fig. 5.3 were performed over the glass portion either
below or to the left of the “KU.”
Fig. 5.4 shows two constant-height SECM reactivity images; Fig. 5.4A was obtained before
we performed the automated tilt correction and Fig. 4B was obtained after we performed the
automated tilt correction. In these images we are able to distinguish the conductive gold letters
from the insulating glass because open-circuit positive feedback will occur when the tip is over the
gold, but negative feedback will occur when the tip is over the glass. In Fig. 5.4A the letters
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Figure 5.3. Current versus distance plots for our automated SECM tilt correction algorithm, where the
SECM tip electrode is scanned across the x-axis (A) and y-axis (B). For each cycle the SECM tip electrode
(1) approaches the substrate until a set enhancement factor is reached, (2) scans the SECM tip electrode
across the surface, (3) adjusts the tilt of the substrate stage and returns the tip to the original position
to repeat the process. The process stops once the slope of the regression line changes sign. Tip/substrate
alignment within finer tolerances can be achieved by reducing the tilt adjust step size.
“KU” are barely visible due to the substrate tilt. Near the origin (bottom left hand corner) the
bottom of the “K” is visible, but since the sample is tilted away in both the x and y directions
(see Fig. 5.3), the image becomes faded far from the origin due to the tip no longer being in the
feedback regime. Fig. 5.4B shows the positive feedback image after the substrate tilt algorithm
was completed. After our automated tilt adjustment protocol, the full “KU” image is highly visible
because the tip/ substrate alignment was dramatically improved.
5.5 Conclusions
We have developed a new control algorithm, which utilizes fuzzy logic, to approach SECM tip
electrodes to a surface. The fuzzy logic algorithm automatically varies the speed of the approach,
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Figure 5.4. SECM positive feedback image of the letters “KU” printed in gold on a glass slide using a
200 mm Pt tip electrode at +0.4 V vs Ag/AgCl in 0.5 mM FcMeOH. (A) Positive feedback image before
the automated substrate tilt algorithm was performed. (B) Positive feedback image after the automated
substrate tilt algorithm was performed.
and obtains approach curves both faster and with a higher degree of accuracy compared to conven-
tional constant- speed approach curves. With one algorithm, a wide range of tip sizes and approach
methods are possible, allowing for more control and precision while substantially reducing the risk
of crashing the tip into the substrate. We demonstrate that this algorithm can be used under
both positive and negative feedback, and can be used to approach tips of various sizes to large
substrates or other SECM tips. The capability of this fuzzy-logic algorithm to automatically stop
the SECM tip electrode at a pre- programmed enhancement factor has allowed us to create an
automated tip/substrate alignment protocol. This protocol utilizes both the fuzzy logic algorithm
and a computer-controlled tilt adjustable stage to automatically align the tip to the substrate with
no user interaction. We have demonstrated that this alignment protocol can obtain highly resolved
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constant-height SECM images over large areas with ease. We anticipate that this auto-alignment
protocol will be highly beneficial for obtaining many types of chemical reactivity images because
removing sample tilt will eliminate variations in tip/substrate distances yielding images with higher
accuracy.
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5.7 Supporting Information
5.7.1 Materials and Methods
Chemicals
All solutions were prepared with deionized Milli-Q water, and the chemicals purchased from the
following were used as received: ferrocenemethanol (FcMeOH, 97%) from Sigma-Aldrich, sodium
nitrate (NaNO3, 99%) from Fisher Scientific, (dimethylaminomethyl) ferrocene (DMAMFc, 98+%)
from Alfa Aesar, N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD) hydrochloride from Cayman
Chemical Company, and perchloric acid (HClO4, ACS Reagent, ca. 70% solution in water) from
Acros Organics.
Electrode Fabrication
Pt Microdisk Electrode Fabrication: Microdisk electrodes of two di↵erent tip diameters (ca.
200 µm and ca. 10 µm) were fabricated for the SECM experiments similar to methods previously
reported243,282. Quartz capillaries (1 mm O.D., 0.3 mm I.D., Sutter Instruments, USA), 200 µm
diameter platinum wire (Electron Microscopy Sciences 99.95% Pt wire), borosilicate glass capillaries
(1 mm O.D., 0.5 mm I.D., Sutter Instruments, USA), 10 µm diameter platinum wire (0.01 mm,
99.9% Pure, Hard, Goodfellow, Cambridge, England), a laser pipet puller (Model P-2000, Sutter
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Instruments, USA), standard razor blades, conductive silver epoxy (Circuit Works, USA), and silver
connection wire (30 AWG, Belden, USA) were utilized to manufacture the UMEs. MicroCut 1200
grit silicon carbide grinding paper (P2500, Buehler, Canada), alumina micropolish (1 µm, 0.3 µm,
0.05 µm, Beuhler, Canada), and MicroCloth polishing disks (Beuhler, Canada) were used to polish
the tips of the UMEs before experimentation.
200 µm Electrodes: The quartz capillary and 200 µm Pt-wire were rinsed with deionized water
and allowed to air dry before assembly. A short ( 3 cm) section of Pt-wire was threaded and
centered in the quartz capillary. The capillary-wire assembly was then centered and secured to the
laser pipet puller. A single line program (Heat: 850, Filament: 1, Velocity: 50, Delay: 100, Pull:
225) was run so that the capillary-wire assembly split and sealed into two UMEs of approximately
equal size. The UMEs were polished on MicroCut grinding paper to expose the Pt-wire at the tip.
A figure eight motion was used in polishing to ensure a flat platinum disk surface. Using the 1 µm
and 0.3 µm alumina micropolish and MicroCloth disks, rough patches and scratches on the UME
tip were bu↵ed out to leave a smooth, even surface. The final size of the electrode was determined
to be a = 175 µm due to slight stretching of the Pt wire during fabrication.
10 µm Electrodes: The general procedure for the 10 µm capillary-wire assembly was similar to
the steps outlined for the 100 µm assembly. The borosilicate glass capillary and 10 µm Pt-wire were
rinsed with deionized water and allowed to air dry. A small section of Pt-wire ( 3 cm) was threaded
and centered into the quartz capillary. The capillary-wire assembly was secured to the laser puller.
The UME fabrication procedure required three steps: stretching, sealing, and pulling. To stretch
and thin the capillary, a four-line program was run (Heat: 300, Filament: 4, Velocity: 14, Delay:
120, Pull: 0) followed by a single-line break (Heat: 0, Filament: 4, Velocity: 14, Delay: 120, Pull:
0). Without removing the assembly, the sealing step was performed by blocking the slight pulling
force (at Pull: 0) with razor blades placed between the bearing and the capillary clamp on each
side of the puller. A single line program (Heat: 320, Filament: 4, Velocity: 12, Delay: 120, Pull:
0) was manually run and repeated eight times at intervals of five seconds. To pull the electrodes,
the razor blades were removed and the sealing program was allowed to run automatically, with one
heating cycle followed by a clean split ( 0.6 seconds to complete) resulting in two sealed UMEs of
approximately equal size. The UMEs were polished on a MicroCloth disk with 0.05 µm alumina
micropolish in a slight side-to-side movement, ensuring no pressure was applied on the tip.
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UME Completion: To complete each UME, a conductive epoxy and silver wire were applied to
the open end of the capillary. Silver epoxy and hardener were mixed together. This mixture was
forced into the open end of the UME through capillary action, carefully tapping the mixture into
the tube. A large segment ( 6 cm) of silver connection wire was straightened by rolling it against
a flat surface and epoxy was applied to the end of the wire before inserting into the capillary. The
wire was inserted through the epoxy mixture until it met the Pt-wire. A final epoxy application to
the end of the capillary ensures the silver wire is sealed into place. The UMEs were allowed to cure
at room temperature in a well-ventilated area for 24 hours. Each UME was imaged with a digital
compound microscope (Micromaster II Digital Microscope with Phase Contrast, Fisher Scientific,
USA). A top view of each UME was generated by suspending the UME on the microscope stage
with forceps (Fig. 5.7a, 5.8a, 5.9a). The images were obtained via the microscope’s accompanying
digital program (Micron) to capture the field of the microscope view. The contrast levels were then
adjusted to improve the image clarity.
5.7.2 SECM Instrumentation and Experimentation
A custom SECMwas used for these experiments (Fig. 5.14). Components include the following from
Newport: 3-axis motion stage (VP-25XL-XYZL), Series 37 tilt stage, piezoelectric nanopositioner
(NPXYZ100SG-D), Vision Isostation air table (VIS2436-IG2-125A), faraday cage for air table, XPS
Motion Controller/Driver with XPS-DRVP1 driver boards, 2 tilt stage motors (LTA-HS), small L-
mount (EQ80-I), larger L-mount (EQ80-E), Cable Management System (CMS), vertical rail and
mount for nanopositioner. In addition to these components, the SECM also includes a CH Instru-
ments potentiostat (CHI730E) and an iMac computer running custom designed LabVIEW software
to control the instrument. The custom LabVIEW software is capable of performing cyclic voltam-
metry, chronoamperometry, amperometric i-t, linear approach curves, fuzzy logic-based approach
curves and tilt adjustments, and electrochemical reactivity mapping. By inputting parameters
(electrode tip size, desired setpoint di↵erence, desired enhancement factor), the fuzzy logic ap-
proach software will dictate what speed of approach is appropriate for the system parameters at
the given point, adjusting the speed and slowing down gradually as the electrode gap is lessened.
For all SECM experiments except surface interrogation, a solution containing 0.5 mM of the redox
mediator, FcMeOH or DMAMFc, and 0.1 M of electrolyte was utilized. For surface interrogation,
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TMPD was utilized as the redox mediator in a solution of 1 M HClO4.
Fuzzy Logic Algorithm:
The fuzzy logic algorithm was built using National Instrument’s LabVIEW Fuzzy System Designer
toolkit. This toolkit allows the programmer to create the linguistic variable, linguistic terms,
membership functions and rule base via a graphical user interface (GUI). The algorithm had three
linguistic variables for the inputs (tip size, enhancement factor, and setpoint di↵erence) and one
linguistic variable for the output (step size). The linguistic variables and membership functions
were entered in as described in Fig. 1 of the main text. Fig. 5.6 shows the membership function for
the Enhancement Factor, which was not included in Fig. 5.1 in the main text to conserve space.
Table S1 contains the “if....then” rule base that governs the Fuzzy Logic Algorithm for SECM.
# Fuzzy&Logic&Rules Weight& # Fuzzy&Logic&Rules Weight&
1 IF$S.D.$IS$'XS'$AND$E.F.$IS$'XL'$THEN$S.S.$IS$'XS' 1.0 14 IF$E.F.$IS$'XS'$THEN$S.S.$IS$'XL' 0.1
2 IF$S.D.$IS$'XS'$AND$E.F.$IS$'L'$THEN$S.S.$IS$'XS' 1.0 15 IF$T.S.$IS$'XS'$THEN$S.S.$IS$'XS' 1.0
3 IF$S.D.$IS$'XS'$AND$E.F.$IS$'M'$THEN$S.S.$IS$'XS' 1.0 16 IF$T.S.$IS$'S'$THEN$S.S.$IS$'S' 0.2
4 IF$S.D.$IS$'XS'$AND$E.F.$IS$'S'$THEN$S.S.$IS$'XS' 1.0 17 IF$T.S.$IS$'M'$THEN$S.S.$IS$'M' 0.1
5 IF$S.D.$IS$'XS'$AND$E.F.$IS$'XS'$THEN$S.S.$IS$'XS' 1.0 18 IF$T.S.$IS$'L'$THEN$S.S.$IS$'L' 0.1
6 IF$S.D.$IS$'S'$THEN$IS$'S' 0.1 19 IF$T.S.$IS$'XL'$THEN$S.S.$IS$'L' 0.1
7 IF$S.D.$IS$'M'$THEN$S.S.$IS$'M' 0.1 20 IF$T.S.$IS$'M'$AND$S.D.$IS$'XS'$THEN$S.S.$IS$'XS' 1.0
8 IF$S.D.$IS$'L'$THEN$S.S.$IS$'L' 0.1 21 IF$T.S.$IS$'L'$AND$S.D.$IS$'XS'$THEN$S.S.$IS$'XS' 1.0
9 IF$S.D.$IS$'XL'$THEN$S.S.$IS$'XL' 0.1 22 IF$T.S.$IS$'XL'$AND$S.D.$IS$'XS'$THEN$S.S.$IS$'XS' 1.0
10 IF$E.F.$IS$'XL'$THEN$S.S.$IS$'XS' 1.0 23 IF$E.F.$IS$':S'$THEN$S.S.$IS$'L' 0.1
11 IF$E.F.$IS$'L'$THEN$S.S.$IS$'S' 0.1 24 IF$E.F.$IS$':M'$THEN$S.S.$IS$'M'$ 0.1
12 IF$E.F.$IS$'M'$THEN$S.S.$IS$'M' 0.1 25 IF$E.F.$IS$':L'$THEN$S.S.$IS$'S'$ 0.1
13 IF$E.F.$IS$'S'$THEN$S.S.$IS$'L' 0.1 26 IF$E.F.$IS$':XL'$THEN$S.S.$IS$'XS' 1.0
Figure 5.5. Fuzzy Logic Rule Table listing all of the rules in the Fuzzy Logic Control Algorithm and the
corresponding weights. Abbreviations: S.D. – Setpoint Di↵erence, E.F. – Enhancement Factor, S.S. – Step
Size, T.S. – Tip Size.
Figure 5.6. Enhancement Factor Membership Function, a supplement to Fig. 5.1 in the main text.
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Positive Feedback/Negative Feedback:
For positive feedback mode, the SECM tip electrode was positioned over a conductive portion of
the substrate. Starting at a distance su cient to measure current in the absence of any appreciable
feedback e↵ects, a potential of 0.37 V vs. Ag/AgCl was applied to the tip and a potential of 0.05 V
vs. Ag/AgCl was applied to the substrate electrode for solutions containing FcMeOH as the redox
mediator, or a potential of 0.5 V vs. Ag/AgCl was applied to the tip and a potential of 0.2 V vs.
Ag/AgCl was applied to the substrate for solutions containing DMAMFc as the redox mediator,
or a potential of 0.85 vs. Ag/AgCl was applied to the tip and a potential of 0.3 V vs. Ag/AgCl
was applied to the substrate for solutions containing TMPD as the redox mediator, and the tip
was approached towards the substrate until an enhancement factor of at least 2.0 was reached. For
negative feedback mode, the SECM tip electrode was positioned over an insulating portion of the
substrate. The tip was approached to the substrate in the same manner as in positive feedback
except the approach was stopped at an enhancement factor of at most 0.4. Fig. 2A in the main text
includes a Theoretical Approach Curve generated from Equation 5.1282. Equation 5.1 is applicable









Where it is the SECM tip current, it,1 is the SECM tip current at infinite distance from the
substrate, and D is the distance between the SECM tip and substrate.
Substrate Generation/Tip Collection:
For Substrate Generation/Tip Collection (SG/TC) experiments, pH 7 0.1 M phosphate bu↵er
solution (PBS) with 0.5 mM redox mediator was utilized to allow for SG/TC of the redox couple
and H+/H2 with the same solution. The redox mediator for the masked experiment was FcMeOH,
and the redox mediator for the tip-to-tip experiment was DMAMFc.
Masked: The masked substrate was prepared by stretching a piece of Teflon tape in longitudinal
and latitudinal directions and poking a 200 µm diameter hole before firmly pressing onto the surface
of 2 mm Pt electrode such that the hole is exposing a 200 µm diameter portion of the Pt. The
200 µm Pt SECM tip electrode was approached to the substrate utilizing negative feedback, and
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a low-resolution map was performed to determine the location of the hole in the mask. Then, a
high-resolution map was performed to obtain a more detailed perspective of the exposed Pt. The
mapping was performed by scanning the SECM tip across the substrate while applying a potential
of 0.37 V vs. Ag/AgCl to the tip and a potential of 0.05 V vs. Ag/AgCl to the substrate, exploiting
the redox reaction of FcMeOH/FcMeOH+. Utilizing the relative coordinates of the hole in the high-
resolution map, the tip was centered over the exposed Pt. For SG/TC of FcMeOH/FcMeOH+, the
tip was held at 0.05 V vs. Ag/AgCl while the substrate was swept from 0.05 to 0.37 V vs. Ag/AgCl
at 1 mV/s. For SG/TC of H+/H2, the tip was held at 0.1 V vs. Ag/AgCl while the substrate was
swept from -0.5 to -0.7 V vs. Ag/AgCl at 1 mV/s.
Tip-to-Tip: For Tip-to-Tip, the 200 µm Pt SECM tip electrode was positioned over the 200 µm
Pt substrate electrode, and the tip was approached to the substrate utilizing negative feedback or
positive feedback depending on whether the tip was positioned over the glass or the Pt of the 200 µm
Pt substrate electrode. Mapping was performed by scanning the SECM tip across the substrate
electrode while applying a potential of 0.5 V vs. Ag/AgCl to the tip and a potential of 0.2 V
vs. Ag/AgCl to the substrate, exploiting the redox reaction of DMAMFc. Utilizing the relative
coordinates of the Pt substrate electrode in the map, the tip was centered over the substrate. For
SG/TC of DMAMFc/DMAMFc+, the tip was held at 0.2 V vs. Ag/AgCl while the substrate was
swept from 0.2 to 0.5 V vs. Ag/AgCl at 1 mV/s. For SG/TC of H+/H2, the tip was held at 0.1 V
vs. Ag/AgCl while the substrate was swept from -0.4 to -0.8 V vs. Ag/AgCl.
Surface Interrogation:
Surface Interrogation (SI) was performed in the tip-to-tip configuration described under the Sub-
strate Generation/Tip Collection section with a 200 µm Au electrode as the SECM tip and a 200
µm Pt electrode as the substrate electrode. After the approach, mapping was performed by scan-
ning the SECM tip across the substrate electrode while applying a potential of 0.85 V vs. Ag/AgCl
to the tip and a potential of 0.3 V vs. Ag/AgCl to the substrate, exploiting the redox reaction of
TMPD/TMPD+. Utilizing the relative coordinates of the Pt substrate electrode in the map, the tip
was centered over the substrate. In all SI experiments, the potential of the tip was swept from 0.6
to 0.85 V vs. Ag/AgCl at 0.5 mV/s. For the negative feedback linear sweep voltammogram (LSV),
the substrate electrode remained at open circuit potential (OCP) throughout the experiment. For
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the positive feedback LSV, the substrate electrode remained at 0.3 V vs. Ag/AgCl throughout the
experiment. For the SI LSVs, the substrate was scanned from 0.22 to -0.18 V vs. Ag/AgCl at
2 mV/s to acquire Hads before sweeping the potential of the tip electrode. A delay of 20 s was
utilized for the Short Delay SI LSV, and a delay of 200 s was utilized for the Long Delay SI LSV.
5.7.3 COMSOL Multiphysics Simulations
In order to analyze the SECM approach curves and cyclic voltammograms, COMSOL Multiphysics
simulation software was used to fit the experimental results. A two-dimensional axial symmetric
geometry of the SECM tip electrode and substrate counter electrode system with electrolyte solu-
tion was constructed for conducting these simulations. A mesh was then assigned to this geometry,
concentrating calculations on and around the surface reaction sites. Once the geometry and mesh
were complete, the physics packages were loaded, including Transport of Dilute Species and Elec-
troanalysis. The Transport of Dilute Species physics solves the reactive species concentrations by
means of the equations from Fick’s laws of di↵usion. Coupled with the species transport is the
Electroanalysis physics package, which incorporates the Butler-Volmer equation of electrochemi-
cal reaction kinetics. Since the concentrations from the transport physics are coupled with the
concentrations in the Butler-Volmer equations, these equations must be solved simultaneously by
numerical methods. All SECM simulations were performed in the stationary mode, and all cyclic
voltammetry measurements were in the time-dependent mode. For the simulations used in this
manuscript, the di↵usion coe cient of both the oxidized and reduced forms of FcMeOH were taken
to be 7.1 x 10-6 cm2 s-1, and E0 for the oxidation of FcMeOH was taken to be 0.218 V vs Ag/AgCl.
The kinetic rate constant, k0, was taken to be 0.20 cm s-1.
5.7.4 Supplementary Results and Discussion
Positive Feedback/Negative Feedback:
Fig. 5.7 shows an optical image of the 4.2 µm SECM Pt tip electrode and the experimental and
COMSOL simulated results of a negative feedback approach and positive feedback cyclic voltam-
mograms (CVs). The positive feedback approach curves and tip displacement/tip speed plots for
the same system are presented in Fig. 5.2 in the main text. All experiments were performed
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in aqueous 0.5 mM FcMeOH with 0.1 M NaNO3. For both the positive feedback and negative
feedback approach curves, the 4.2 µm Pt tip electrode was held at +0.4 V vs Ag/AgCl. For the
positive feedback CVs, the 2 mm Pt substrate electrode was held at +0.05 V vs Ag/AgCl. Fig. 5.8
and 5.9 contain the analogous data sets for 6.2 µm and 175 µm diameter SECM Pt tip electrodes,
respectively.
Figure 5.7. Supplementary figures for experiments with the 4.2 µm diameter SECM electrode tip. a)
Optical microscope image of 4.2 µm diameter SECM electrode tip. b) Negative feedback SECM approach
curve using the fuzzy logic algorithm with a 4.2 µm Pt tip electrode at 0.4 V vs Ag/AgCl in 0.5 mM FcMeOH
and glass substrate along with the corresponding COMSOL simulation. c) Cyclic voltammograms showing
both the experimental data and COMSOL simulations for FcMeOH oxidation for the 4.2 µm Pt UME at
tip/substrate distances of 60 µm and 580 nm under positive feedback. d) Positive feedback SECM approach
curve (from Fig. 5.2A) zoomed to 20 µm.
Approach curves from the remaining SECM experiments performed are shown in Fig. 5.10.
As expected, a negative feedback response occurred when the SECM tip electrode was over an
insulating portion of the substrate, and a positive feedback response occurred when the SECM
tip electrode was over a conducting portion of the substrate. Some fluctuations in current were
observed when the SECM tip electrode was not yet within a distance where feedback could be
observed. These fluctuations in current could be due to some form of convective e↵ect from the
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Figure 5.8. Supplementary figures for experiments with the 6.2 µm diameter SECM electrode tip. a)
Optical microscope image of 6.2 µm diameter SECM electrode tip. b) Tip displacement and tip speed for
the fuzzy logic approach curve. c) SECM approach curve using the fuzzy logic algorithm with a 6.2 µm Pt
tip electrode at 0.4 V vs Ag/AgCl and a 2 mm Pt substrate electrode at 0.05 V vs. Ag/AgCl in 0.5 mM
FcMeOH along with the corresponding COMSOL simulation. d) Cyclic voltammograms showing both the
experimental data and COMSOL simulations for FcMeOH oxidation for the 6.2 µm Pt UME at tip/substrate
distances of 100 µm and 800 nm under positive feedback.
electrode moving through the fluid.
Substrate Generation/Tip Collection:
Masked: After the fuzzy logic algorithm is used to approach the tip towards the substrate (Fig.
5.10b), the next step in obtaining a SG/TC experiment is to perform a constant-height SECM map
to position the tip electrode over the hole in Teflon mask. The low-resolution map (Fig. 5.11a)
spanned an area much larger than the hole in the Teflon mask. This course mapping revealed
the location of the hole, as well as the topography of the Teflon surrounding the hole, so that
a high-resolution map could be centered on the exposed electrode, greatly reducing the mapping
time. The high-resolution map (Fig. 5.11b) shows that the hole is elongated with a maximum
length of ca. 200 µm and a minimum length of ca. 100 µm. With the relative coordinates from
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Figure 5.9. Supplementary figures for experiments with the 175 µm diameter SECM electrode tip. a)
Optical microscope images of the 175 µm diameter SECM electrode tip. b) Tip displacement and tip speed
for the fuzzy logic approach curve. c) SECM approach curve using the fuzzy logic algorithm with the 175 µm
Pt tip electrode at +0.4 V vs Ag/AgCl and a 2 mm Pt substrate electrode at +0.05 V vs Ag/AgCl in 0.5 mM
FcMeOH along with the corresponding COMSOL simulation d) Cyclic voltammogram and corresponding
COMSOL simulation at tip/substrate distances of 400 µm and 6.5 µm.
the high-resolution map, the SECM tip was centered over the exposed portion of the substrate
electrode and SG/TC was performed with FcMeOH/FcMeOH+. Performing SG/TC with a redox
couple, such as FcMeOH/FcMeOH+, provides a good standard for comparison because SG/TC
will be most successful with a simple outer sphere, one-electron transfer reaction. Thus, maximum
collection e ciency (peak tip current/peak substrate current) for a given electrode alignment can be
obtained from the results of SG/TC with FcMeOH/FcMeOH+. Based on Fig. 5.11c, the maximum
collection e ciency was 87%. Fig. 5.11d shows SG/TC of H+/H2, corrected for resistance and
capacitance, with 79% tip collection. When scaled to the maximum collection e ciency, 91% of
the H2 generated by the substrate was collected with the tip.
Tip-to-Tip: Again, after the fuzzy logic algorithm is used to approach the tip towards the
substrate (Fig. 5.10c), the next step is to perform a constant-height SECM map to determine the
position of the tip. The map in Fig. 5.12a shows high current concentrated in a circular area with ca.
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Figure 5.10. Examples of positive and negative feedback approach curves for Imaging, SG/TC and SI-
SECM. a) Initial NF approach curve for tip/tilt adjustments for SECM imaging of KU slide (200 µm Pt tip
electrode approaching towards a glass substrate in 0.5 mM FcMeOH). b) NF Approach curve for SC/TC
SECM experiments with a 200 µm Pt SECM tip electrode approaching towards a Teflon-masked 2 mm
diameter Pt substrate. c) NF Approach curve for SG/TC SECM experiments with 200 µm Pt substrate and
200 µm Pt SECM tip electrode in Tip-to-Tip configuration. d) PF Approach curve for SI SECM experiments
with 200 µm Pt substrate and 200 µm Au SECM tip electrode in Tip-to-Tip configuration.
100 µm diameter and low current everywhere else, as expected. The relative coordinates from this
map were utilized to center the SECM tip electrode over the substrate electrode to perform SG/TC.
Collection e ciency of the SG/TC of FcMeOH/FcMeOH+ was taken as the maximum collection
e ciency as explained in the Masked section. Fig. 5.12b shows SG/TC of FcMeOH/FcMeOH+,
giving a maximum collection e ciency of 93%. Fig. 5.12c shows SG/TC of H+/H2, corrected
for resistance and capacitance, with a tip collection of 71%, 76% when scaled to the maximum
collection e ciency.
Surface Interrogation:
As with the Tip-to-Tip SG/TC experiments, in order to perform SI-SECM, we used the fuzzy logic
control algorithm to approach the tip to the substrate (Fig. 5.10d) and then generated a constant-
height SECM reactivity map. Fig. 5.13a shows the map, generated with the TMPD/TMPD+
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Figure 5.11. Experiments for Masked SG/TC performed in 0.5 mM FcMeOH 0.1 M PBS. a) Low resolution
map of the hole in the Teflon mask, generated with the FcMeOH/FcMeOH+ redox couple. b) High resolution
map of the hole in the Teflon Mask, generated with the FcMeOH/FcMeOH+ redox couple. c) SG/TC of
FcMeOH/FcMeOH+ with a collection e ciency of 87%. d) SG/TC of the H+/H2 with 79% tip collection
of hydrogen generated by the substrate.
redox couple, utilized to position the 200 µm Au SECM tip electrode over the 200 µm Pt substrate
electrode. As expected, the negative feedback (NF) linear sweep voltammogram (LSV, Fig. 5.13b)
was nearly a flat line, the positive feedback (PF) LSV (Fig. 5.13b) was an elongated reduction
wave. The SI experiment (Fig. 5.13b) showed a reduction wave initially when the TMPD+ was
titrating the Hads on the Pt surface, returning to a flat line in the latter portion of the scan when
all of the Hads was consumed. From Fig. 5.13b, it can be seen that a shorter delay time causes a
longer positive feedback response in the SI LSV, which corresponds to a higher concentration of
Hads on the substrate at the initiation of the SI LSV.
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Figure 5.12. Experiments for Tip-to-Tip SG/TC performed in 0.5 mM DMAMFc 0.1 M PBS. a) Map
of the 200 µm Pt substrate, generated with the DMAMFc/DMAMFc+ redox couple. b) SG/TC of
DMAMFc/DMAMFc+ with a collection e ciency of 93%. d) SG/TC of the H+/H2 with 76% tip col-
lection of hydrogen generated by the substrate.
Figure 5.13. Experiments for Surface Interrogation performed in 0.5 mM TMPD 1 M HClO4. a) Map of
the 200 µm Pt substrate, generated with the TMPD/TMPD+ redox couple. b) LSVs showing NF, PF, SI
with a Short Delay, and SI with a Long Delay.
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Figure 5.14. (A) Custom-made Scanning Electrochemical Microscope (SECM); (B) Newport multi-axis
motion controller stages; (C) piezoelectric nanopositioner for SECM electrode tip.
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Figure 5.15. Custom Scanning Electrochemical Microscopy (SECM) Labview user interface. User inputs





Here we report a system which can perform water splitting where the hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER) occur at di↵erent pH values. This is enabled by the
use of a neutralized Nafion membrane which allows for cations to cross the membrane and promote
ionic conductivity and allow for di↵erent pHs to be on either side of the membrane. We show that
this device can split water with a Pt HER catalysts at pH 7 and a Ni0.8:Fe0.2 oxide OER catalysts
at pH 14 with an initial cell potential of 1.1 V. We also have shown the dual pH system can enable
non-precious metal catalysts to split water at 1.6 V for a sustained period of 24 hours.
6.2 Introduction
Water electrolysis has been studied for over 100 years as a means to create renewable fuels and
chemicals. Water electrolysis comprises two half-reactions—the hydrogen evolution reaction (HER)
and the oxygen evolution reaction (OER)—which, when operated simultaneously, splits water into
its elemental components, H2 and O2. The e ciency of conventional water electrolysis is inherently
limited by the fact that acidic media is preferred for the HER, while alkaline media is preferred for
the OER. This is a result of both kinetic and thermodynamic limitations. For example, in acidic
media, hydrogen is formed via the two electron reduction of two protons (E0 = 0.0 V vs SHE),
while in neutral or basic media hydrogen is formed via the two electron reduction of water (E0 =
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-0.83 V vs SHE). Conversely, in basic media oxygen is evolved by the four electron oxidation of
four OH– ions (E0 = +0.40 V vs SHE), while water oxidation produces oxygen in neutral or acidic
media (E0 = +1.23 V vs SHE). Moreover, the kinetics of the hydrogen evolution reaction have been
shown to be two orders of magnitude slower in alkaline electrolyte (pH = 13) compared to acidic
electrolyte (pH = 0).283–285.
In addition to the e↵ect of operating pH on the thermodynamics and kinetics of the water
splitting reactions, pH also dictates the types of catalysts that can be utilized. For the HER, op-
erating in acidic media typically requires platinum catalysts for long term stability, however, MoS2
catalysts have recently been shown to be e↵ective in acidic environments on the lab scale.286,287 In
neutral media, Ni-based catalysts, as well as transition metal dichalcogenides (TMDs), are stable
and have similar activity to precious metal HER catalysts.49,288–290 For the OER, high activity
is also attainable in acidic electrolyte, however, platinum group metals (e.g., Ir, Ru) are required
to avoid catalyst degradation during operation.54,56,291 Alkaline electrolytes allow for the utiliza-
tion of various oxides of nickel and iron, specifically nickel-iron layered double hydroxides (LDHs),
which have far exceeded the activity of their precious metal counterparts.62,65,292,293 Thus, a water
splitting system able to operate with HER and OER catalysts in two di↵erent pH environments
simultaneously, would provide significant advances in water electrolysis by reducing the total water
splitting overpotential and enabling the use of new combinations of HER and OER catalysts in a
water splitting cell.
Commercial water splitting devices are based on either alkaline or proton exchange membrane
(PEM) technologies, which only operate in a single pH environment. However, the chlor-alkali pro-
cess (for producing chlorine and NaOH) utilizes membrane electrolysis in which a cation exchange
membrane is used, and the pH of the medium is di↵erent on the cathode and anode sides of the
membrane. Inspired by this technology, we set out to determine the feasibility and advantages of




Figure 6.1. Cyclic voltammetry showing the onset potential for the HER on a Pt disk electrode (a) and
OER on IrOx and Ni0.8:Fe0.2 oxide on FTO glass electrode (b) in pH 0 (black, 0.3 M H3PO4), pH 7 (teal, 1
M potassium phosphate bu↵er (KBS)), and pH 14 (blue, 1 M KOH) at a scan rate of 10 mV s-1.
6.3 E↵ect of pH on the Water Splitting Reactions
To demonstrate how the onset potentials change for the HER, we performed voltammetry on a Pt
electrode in pH 14, pH 7, and pH 0 media (Fig. 6.1a). Here, the utility of performing the HER
in acidic media is obvious. The onset potential in acidic media is very near the thermodynamic
potential for proton reduction (-0.197 V vs Ag/AgCl), while the onset shifts more negative in
higher pH media. The opposite e↵ect is observed for the OER. Here, the onset potential in basic
media is a few hundred millivolts over the thermodynamic potential for OH– oxidation (+0.20 vs.
Ag/AgCl) and the onset shifts more positive with decreasing pH. Ideally, from a cell potential point
of view, one would like perform the HER in strong acid and the OER in strong base. However, the
strong acid will protonate the cation exchange membrane and there are safety concerns due to the
exothermic reactions that occur from the mixing of strong acids and bases. An alternative, but still
e↵ective method would be to perform the OER in strong base and the HER in neutral pH. Based
on the data shown in Figure 6.1, a basic/neutral dual-pH water splitting system should initially
split water ca. 400 mV lower than in pure alkaline media (due to the lower HER potential a↵orded
in pH 7 compared to pH 14), and ca. 800 mV lower than in pH 7 media (due to the lower OER
potential a↵orded in pH 14 compared to pH 7), and ca. 400 mV lower than in pure acidic media
(due to the di↵erences in both the HER and OER).
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Figure 6.2. Schematic of the standard Nafion polymer (a) and the Na+ neutralized Nafion membrane
(b). 1D 23Na magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectra of a Na+-neutralized
Nafion 117 membrane copacked with NaCl/KBR mixture (c), standard Nafion 117 membrane copacked with
NaCl/KBr (d), NaCl/KBr mixture (e), and empty rotor (f).
6.4 Neutralization of the Nafion 117 Membrane
The cation exchange membranes that we utilized were Na+ and K+-neutralized Nafion 117 mem-
branes. Here the protons on the membrane (shown in blue in Figure 6.2a) are substituted with
either Na+ or K+ ions (shown in blue in Figure 6.2b) by heating in 3 M NaOH or KOH at 100
 C. 1D 23Na MAS NMR spectra show an additional peak at ca. -3 ppm (Fig. 6.2c) showing
that the Na+ ions are strongly bound to the sulfonate group on the Nafion membrane, and the
total percentage of Na+-neutralized sites is ca. 86.4% ± 9.8% (details provided in supporting
information).
6.5 Dual-pH Water Splitting Results and Discussion
Once the membrane was converted to the neutralized form, we performed voltammetry using Pt
as the electrode for the HER and Ni0.8:Fe0.2 oxide as the electrode for the OER in a two-electrode
system for overall water splitting (Fig. 6.3). Consistent with our three-electrode experiments, we
observed an onset for water splitting at 1.9 V for pH 7, 1.5 V for pH 14, and 1.1 V for our dual-pH
system. Thus, our dual-pH system has an initial onset potential 400 mV lower than an alkaline
system and 800 mV lower than the pH 7 system. However, the water splitting overpotential in the
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Figure 6.3. Cyclic voltammetry showing the onset potential for water splitting with a Pt HER catalyst
and a Ni0.8:Fe0.2 oxide OER catalyst in pH 7 (teal), pH 14 (blue), and the dual-pH system (red) at a scan
rate of 10 mV s-1 while the Pt disk electrode was rotated at 1600 rpm and the Ni0.8:Fe0.2 oxide on FTO
glass electrode compartment was vigorously stirred.
dual-pH system will increase from local pH change at the cathode surface due to the production of
OH– ions.
Immediately, one notices that the initial onset potential for the dual-pH system (1.1 V) is lower
than the thermodynamic potential for water splitting (1.23 V). While this may seem counterintu-
itive, it is well-known that the half-reactions for the water splitting reactions are pH dependent.
For example, on the OER side (as mentioned above), the standard potential for OH– oxidation is
+0.4 V vs SHE. While we are not at equilibrium in this system, the equilibrium potential for water
reduction at pH 7 is -0.417 vs SHE (-0.83 V + 7 · 0.059 V). Adding these potentials together gives a
cell potential of ca. 0.82 V, valid before any net faradaic current occurs, and since our OER catalyst
has an overpotential of 0.3 V and the HER catalyst operates near the thermodynamic potential,
our expected initial onset potential is 1.1 V—exactly as we measured. This is also consistent with
our three electrode experiments where the HER occurs at ca. -0.6 V vs Ag/AgCl, and the OER
occurs at ca. +0.5 V vs Ag/AgCl—resulting in a total cell potential of 1.1 V. Production of OH–
on the cathode side will result in a change in overpotential due to local pH change at the electrode
surface. The rate at which the pH changes will depend on the kinetics of the potassium phosphate




Figure 6.4. Dual-pH water splitting. Pt:Ni0.8:Fe0.2 (a) and (d). Ni:Ni0.8:Fe0.2 (b) and (e). FeS2:Ni0.8:Fe0.2
(c) and (f)
One of the advantages of the dual-pH water splitting is that it enables the use of non-precious
metal catalysts. Figure 6.4 shows the following HER:OER catalysts, Pt:Ni0.8:Fe0.2, Ni:Ni0.8:Fe0.2,
and FeS2:Ni0.8:Fe0.2. Here we observed that the non-precious metal catalysts can enable water
splitting at a cell voltage under 1.6 V. 24 hour constant current measurements also show that all
three systems can sustain total water splitting under 1.6 V at 10 mA cm-2.
6.6 Conclusions
Here, we have demonstrated for the first time a dual-pH water splitting system which operates at
incredibly low cell potentials and enables the use of non-precious metal catalysts. By neutralizing
a Nafion membrane, we allow for K+ ions to cross the membrane to promote ionic conductivity
while allowing for the pH of the system to remain di↵erent on each side of the membrane. This
allows for each half reaction to operate under their optimal conditions and dramatically lowers the
total water splitting overpotential. Further investigation is required to understand how fast the
local pH at the cathode surface will change in the presence of the potassium phosphate bu↵er. The
phosphate bu↵er will be consumed by the OH– ions produced at the cathode surface. As more
OH– is produced, the bu↵er will be consumed to the point that it will no longer have an e↵ect on
the pH, and the local pH at the cathode surface will increase at a faster rate, causing the water
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splitting overpotential to increase substantially. For this reason, a batch dual-pH electrolysis cell is
not feasible. A continuous dual-pH cell in which fresh bu↵ered electrolyte is added is a possibility.
However, an economic analysis is required to determine if the decrease in overpotential for the dual-




Conclusions and Future Work
7.1 Conclusion
The recurring theme of the preceding chapters is the activity of a nanostructured catalyst is strongly
dependent on its morphology. By tuning the initial sulfur concentration, the airfree hot sulfur
injection synthesis of nanostructured FeS2 yielded 1D FeS2 wires, 2D FeS2 discs, or 3D FeS2 cubes.
We found that the HER activity of the 2D FeS2 discs was superior compared to the 1D FeS2 wires
and 3D FeS2 cubes. In fact, the overpotential of the 2D FeS2 discs was within 50 mV of that
of Pt in neutral media, and the exchange current densities were of the same order of magnitude.
This may be due to the high edge site density of the 100 nm discs and the thinness of the discs,
allowing for shorter electron hopping distances. However, further investigation is required to test
these hypotheses. Scanning electrochemical microscopy using a nanoelectrode (an electrode with
a diameter on the order of nanometers) can be used to map the HER activity over a single disc
because the resolution of SECM is determined by the size of the electrode. This technique will be
utilized to determine if the edge site of the FeS2 disc is the active site for the HER, analogous to
the active edge site on MoS2 nanosheets. In addition, the synthesis conditions (e.g. temperature,
pressure) can be modified to adjust the thickness of the discs to study the e↵ect of the thickness of
the discs on the catalytic activity.
The activity of the oxygen evolution catalysts reported herein is also strongly dependent on mor-
phology. The nanoamorphous Ni0.8:Fe0.2 structure synthesized via a low-temperature microwave-
assisted synthesis has remarkably higher activity than the rock salt Ni0.8:Fe0.2 structure. Surface
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interrogation mode of scanning electrochemical microscopy (SI-SECM) revealed that the rock salt
Ni0.8:Fe0.2 had two types of sites, a “slow” site with a rate constant of 0.05 s-1 and a “fast” site with
a rate constant of 1.3 s-1, while there was only “fast” sites with a rate constant of 1.9 s-1 on the
nanoamorphous Ni0.8:Fe0.2 structure. The rock salt Ni0.8:Fe0.2 was synthesized at high temperature
(500  C) compared to the the nanoamorphous Ni0.8:Fe0.2 synthesis, which only involves a 2 minute
microwave-heating step. High resolution transmission electron microscopy (HRTEM) and electron
di↵raction showed that the low-temperature microwave-assisted synthesis yielded a nanoamorphous
material with no order down to the 5 nanometer scale. This gives evidence that homogeneous dis-
persion of the metals in a bimetallic catalyst is paramount to maximizing the number of bimetallic
(i.e. fast) active sites; whereas, high temperature synthesis is likely to result is segregation of the
metals, reducing the number of bimetallic sites.
Further conclusions on the e↵ect of morphology on catalytic activity can be drawn from com-
parisons of the rock salt Ni0.8:Fe0.2 structure with other materials. Using SI-SECM, we determined
the active site density of rock salt Ni0.8:Fe0.2 and crystalline IrOx. Both catalysts had the same
active site density (500 sites nm-2), which is on the order of what is expected due to the roughness
of the materials. However, when the rock salt Ni0.8:Fe0.2 is electrochemically conditioned to form
the Ni0.8Fe0.2OOH layered double hydroxide (LDH), the active site density is increased by approxi-
mately an order of magnitude. It is known that the LDH structure of Ni1-xFexOOH has electrolyte
permeability, but prior to this work, it was unclear if the permeability allows for subsurface active
sites to participate in catalysis. The anomalously high active site density (4500 sites nm-2) implies
that the subsurface active sites do indeed participate in catalysis.
The 2D FeS2 discs HER catalyst and the nanoamorphous Ni0.8:Fe0.2 OER catalyst reported
herein present an opportunity to lower the overall water splitting overpotential and reduce the
capital costs of an electrolyzer, yet they also pose a unique challenge: the FeS2 discs are active in
neutral media and the nanoamorphous Ni0.8:Fe0.2 oxide is active in alkaline media. Analogous to
the chlor-alkali membrane cell, we have shown that the K+ form of the Nafion 117 membrane can
be utilized to split water with the cathode and anode in a di↵erent pH environments. The result
is a substantial decrease in the overall water splitting overpotential. This phenomenon requires
further investigation to determine the role of the open circuit potential across the membrane in
the overpotential, and to understand how long the phosphate bu↵er will prevent local
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pH changes at the cathode surface. However, it is apparent that the availability of reactants
(i.e. H2O for H2O + 2e
– ! H2 + 2OH– and OH– for 4OH– ! O2 + 2H2O + 4e– ) does enhance
the rates of reaction, as it does for either the cathode or the anode when operating in neutral or
alkaline media, respectively.
7.2 Future Work
In order to assess the commercialization potential of the dual-pH system, we must first demon-
strate that a relevant current density can be attained with the FeS2 discs and the nanoamorphous
Ni0.8:Fe0.2 oxide. To reach the current densities required for commercial electrolysis, 1 A cm-2, the
catalysts must be applied to a support to maximize utilization of the nanoparticle surface areas.
In commercial PEM electrolyzers, the supported catalyst must be pressed evenly in a thin layer
over the PEM surface because the reaction will only occur at the three phase boundary (TPB)
between the membrane, catalyst, and reactant (i.e. proton). In our dual-pH system, the membrane
only provides ionic conductivity, it does not facilitate transfer of reactant to the catalyst surface.
Due to this di↵erence, we will investigate a wide range of low-cost carbon materials (e.g. carbon
paper, carbon cloth, and fleece) as high surface area catalyst supports, whereas traditional PEM
electrolyzers require more expensive, dispersible carbon support materials (e.g. carbon nanotubes
(CNTs), carbon nanofibers (CNFs), and carbon blacks).294,295
The properties that are most important for our catalyst support are surface area, conductivity,
and chemical stability. Carbon supports that may be suitable for our application include carbon
nanofoam (Figure 7.1a,b), non-woven carbon veil (Figure 7.1c,d), and activated carbon cloth. We
will evaluate all properties of these carbon supports for use in electrochemical water splitting.
BET surface area measurements will be performed on all carbon materials and those which have a
surface area greater than 300 m2/g will be prioritized. Electrical resistivity measurements will also
be performed. Carbons having resistances less than 0.1 ⌦·cm are preferred. If the resistance of a
carbon is greater than 0.1 ⌦·cm, the application of a conducting agent (e.g. HSF54 Y-Shield) will
be applied to determine if the resistivity can be decreased while still maintaining the surface area
target. Finally, the carbon materials will be exposed to both neutral and alkaline electrolytes under
an applied potential for one week to verify chemical stability under water splitting conditions.
156
The synthesis of the FeS2 discs and nanoamorphous Ni0.8:Fe0.2 oxide produce suspensions of
the catalysts (catalyst inks), enabling the facile application to a carbon support. However, there
are several methods of applying the catalysts to the support, and using the correct method to ob-
tain the optimum catalyst coverage is imperative to the success of the device. We will investigate
di↵erent application methods, including dip-coating, drop-casting, and electrophoretic deposition.
The carbon cloth can be dip-coated in the catalyst ink by immersing the cloth into the ink and
withdrawing it at a controlled rate. Drop-casting will be performed by pipetting the catalyst ink
onto the support and allowing it to dry under controlled conditions. Electrophoretic deposition will
be performed in a two electrode system with a titanium counter electrode and applying a poten-
tial to the carbon electrode. Further experimentation with electrophoretic deposition techniques
and variables, such as stirring, agitation, coating time, and applied voltage may be required to
ensure even catalyst coating. For each deposition method, the supported catalysts will be tested
individually in a stirred 3 electrode system. Voltammetry, chronopotentiometry at 1 A cm-2, and
multi-potential step experiments will be performed on the catalyst to determine activity and sta-
bility of the supported catalyst. A potential problem is the catalyst flaking o↵ of the support
under flow conditions. Rapid stirring will provide preliminary simulation of flow conditions. The
application of conductive or ionic binders (e.g., Nafion solution) to the supported catalyst may help
to strongly bind the catalyst to the support. Finally, supported OER and HER catalysts will be
employed in our two compartment cell separated by the K+ form of Nafion 117 membrane at 1 A
cm-2 for one week to compare the performance to the best reported cell voltage in literature, 1 A
cm-2 at about 1.55 V.30
a b
c d
Figure 7.1. Scanning electron micrographs of possible high surface area carbon supports—carbon nanofoam
from Marketech International (a,b) and non-woven carbon veil from Hollingsworth and Vose (c,d).
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In order to apply our dual-pH technology to an electrolyzer, we envision utilizing a general
bipolar stack design, similar to that of a PEM electrolyzer, but with a few important di↵erences.
First, instead of the acidic form of the membrane, a neutralized membrane will separate the cathode
and anode compartment. The neutralized membrane will maintain the pH gradient between the
cathode and anode in each cell, provide ionic conductivity between the cells, and keep the product
gases separate. Second, in a traditional PEM electrolyzer, the supported catalyst layers are hot
pressed directly onto the PEM surface. However, our design will utilize catalysts deposited on high
surface area supports, separate from the membrane—the gap between the high surface area supports
and the membrane will be made as small as possible to minimize the added solution overpotential
and take advantage of the high conductivity of the membrane. Our system does not need to transfer
reactants (i.e. protons) from the cathode to the anode because we are using a neutralized membrane
(the ionic charge carrier is K+ which is not a reactant). Thus, the active surface area of the catalyst
is not limited by the three phase boundary (TPB) between the membrane, catalyst, and reactant,
as it is in traditional PEM electrolyzers. As long as the catalysts are in good electrical contact
with the bipolar plates or end plates, the active surface area is only limited by the surface area
of the support, which can be extremely high for carbon materials, such as activated carbon cloth.
In PEM electrolyzers, water is typically only circulated through the anode compartments of each
cell to hydrate the PEM, provide liquid reactants, and facilitate the removal of product oxygen.
The circulating water is made acidic by contact with the highly acidic PEM, requiring precious
metal catalysts and noble metal current collectors, flow fields, and bipolar plates.296 In our dual-pH
electrolyzer, alkaline electrolyte will circulate through the anode compartments of each cell, but
neutral electrolyte will also circulate through the cathode compartments. Since our electrolyzer will
not have an acidic electrolyte to exacerbate the oxidizing conditions, it will allow for the utilization
of low-cost materials such as high surface area carbons and earth abundant metals throughout the
stack.
A single cell stack will be fabricated from titanium endplates with EDPM gaskets and the
membrane sandwiched between the supported catalysts as a proof-of-concept device. Flow fields
will be machined in the titanium endplates. The endplates will each have an inlet and outlet for
the corresponding electrolytes. The stack is to be operated with the endplates perpendicular to
the horizon and the inlet ports positioned at the lowest point possible so that the electrolyte will
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travel upwards through each corresponding compartment, fully wetting the supported catalyst,
hydrating the K+ membrane, and expelling bubbles from the catalyst surface, before exiting the
stack from the same endplate that it entered. The flow of electrolyte will be controlled by an
adjustable pump fed by a heated electrolyte reservoir to simulate the operating temperature of a
large electrolyzer stack (80  C). The exiting electrolyte will pass through a gas/liquid separator,
and the gas will travel through a silica gel column to remove the humidity before passing through
a flow meter into a collection tank for sampling. The single cell dual-pH electrolyzer stack will be
characterized by operation at 1 A cm-2 for one week and the cell potential will compared to the state-
of-the-art from the literature (1 A cm-2 at 1.55 V).30 After the dual-pH configuration is validated,
the electrochemical performance of the dual-pH electrolyzer will be characterized with endplates
made of di↵erent types of stainless steel. Stainless steel endplates would significantly reduce the
cost of the stack because the titanium plates can account for up to 30% of a PEM electrolyzer
stack cost.297 We will characterize the stainless steel endplates with SEM and XPS before and
after 1 week experiments at 1 A cm-2 to determine the degree of corrosion. If the stainless steel
endplates are susceptible to an unacceptable rate of corrosion under operating conditions, then
alternatives, such as nickel-plated steels will be investigated. However, it is anticipated that the
neutralized membrane will be less susceptible to poisoning from metal cations than the traditional
PEM because the neutralized membrane does not facilitate the reaction. Chronopotentiometry
studies for extended periods of time, as well as responsiveness ramp up time and partial load testing
will be performed to identify the limits of operation and stability for the device. Further studies
will test how liquid recirculation rate, operating temperature, pressure, and type of neutralized
membrane a↵ect the performance of the device. It is anticipated that in commercial operation, the
catholyte and anolyte may need to be concentrated and recycled to the anode side because OH–
will be consumed on the anode side with OH– being produced on the cathode side and the OH–
will not cross the neutralized membrane. However, a similar recycling operation is done in brine
electrolysis and it is not expected to impede the utility of the dual-pH electrolyzer. The flow rate
and purity of the product gases will also be evaluated. It is important that the outlet gases be
analyzed via gas chromatography (GC) to determine purity of the gases produced and ensure that
there is not crossover occurring to the extent that the lower flammability limit (4 mol% H2 in O2)
is breached.298 Gas crossover does not only lead to safety concerns, but it also causes ine ciency
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due to spontaneous recombination of the hydrogen and oxygen.
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[284] Durst J, Simon C, Hasché F, Gasteiger H. Hydrogen Oxidation and Evolution Reaction
Kinetics on Carbon Supported Pt, Ir, Rh, and Pd Electrocatalysts in Acidic Media. Journal
of The Electrochemical Society. 2010;157(11):B1529–B1536.
[285] Sheng W, Gasteiger HA, Shao-Horn Y. Hydrogen oxidation and evolution reaction kinetics
on platinum: acid vs alkaline electrolytes. Journal of The Electrochemical Society. 2010;
157(11):B1529–B1536.
[286] Deng J, Ren P, Deng D, Yu L, Yang F, Bao X. Highly active and durable non-precious-
metal catalysts encapsulated in carbon nanotubes for hydrogen evolution reaction. Energy &
Environmental Science. 2014;7(6):1919–1923.
[287] Kibsgaard J, Jaramillo TF. Molybdenum Phosphosulfide: An Active, Acid-Stable, Earth-
Abundant Catalyst for the Hydrogen Evolution Reaction. Angewandte Chemie International
Edition. 2014;53(52):14433–14437.
[288] Feng LL, Yu G, Wu Y, Li GD, Li H, Sun Y, Asefa T, Chen W, Zou X. High-index faceted
Ni3S2 nanosheet arrays as highly active and ultrastable electrocatalysts for water splitting.
Journal of the American Chemical Society. 2015;137(44):14023–14026.
[289] Chia X, Eng AYS, Ambrosi A, Tan SM, Pumera M. Electrochemistry of nanostructured
layered transition-metal dichalcogenides. Chemical reviews. 2015;115(21):11941–11966.
190
[290] Miao J, Xiao FX, Yang HB, Khoo SY, Chen J, Fan Z, Hsu YY, Chen HM, Zhang H, Liu
B. Hierarchical Ni-Mo-S nanosheets on carbon fiber cloth: A flexible electrode for e cient
hydrogen generation in neutral electrolyte. Science Advances. 2015;1(7):e1500259.
[291] Burke LD, Murphy OJ, O’Neill JF, Venkatesan S. The oxygen electrode. Part 8.—Oxygen
evolution at ruthenium dioxide anodes. Journal of the Chemical Society, Faraday Transac-
tions 1: Physical Chemistry in Condensed Phases. 1977;73:1659–1671.
[292] Dionigi F, Strasser P. NiFe-Based (Oxy) hydroxide Catalysts for Oxygen Evolution Reaction
in Non-Acidic Electrolytes. Advanced Energy Materials. 2016;6(23).
[293] Hong WT, Risch M, Stoerzinger KA, Grimaud A, Suntivich J, Shao-Horn Y. Toward the
rational design of non-precious transition metal oxides for oxygen electrocatalysis. Energy &
Environmental Science. 2015;8(5):1404–1427.
[294] Grigoriev S, Millet P, Fateev V. Evaluation of carbon-supported Pt and Pd nanoparticles for
the hydrogen evolution reaction in PEM water electrolysers. Journal of Power Sources. 2008;
177(2):281–285.
[295] Grigoriev S, Mamat M, Dzhus K, Walker G, Millet P. Platinum and palladium nano-particles
supported by graphitic nano-fibers as catalysts for PEM water electrolysis. International
Journal of hydrogen energy. 2011;36(6):4143–4147.
[296] Lettenmeier P, Wang R, Abouatallah R, Saruhan B, Freitag O, Gazdzicki P, Morawietz T,
Hiesgen R, Gago A, Friedrich K. Low-cost and durable bipolar plates for proton exchange
membrane electrolyzers. Scientific Reports. 2017;7:44035.
[297] Esposito DV. Membraneless electrolyzers for low-cost hydrogen production in a renewable
energy future. Joule. 2017;.
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